The wheat pangenome: assembly and analysis by Montenegro Cabrera, Juan Daniel
1 
 
 
 
 
The wheat pangenome: assembly and analysis 
Juan D. Montenegro 
BSc Biology 
 
 
 
 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2017 
School of Agriculture and Food Sciences 
 
i 
 
Abstract 
Wheat is one of the most important food crops in the world and its continued 
breeding is essential to achieve the production goals set by FAO in 2050. Breeding 
programs benefit from the development of genomic resources that reduce time and costs 
of selection of suitable varieties. Recent evidence has suggested that an important fraction 
of crop plant genomes exhibits presence-absence variation and cannot be exploited 
following the single reference paradigm. Pangenomic studies aim to fill this vacuum by 
creating a complete catalogue of genes in a species and characterizing them. With the 
release of the first wheat draft genome for cultivar Chinese Spring, we are able to explore 
the wheat pangenome. In the first chapter I performed a review of the current status of 
wheat genomics and pangenomic studies. In the second chapter the public wheat 
reference is assessed for its suitability as the basis of a pangenomic study. Extensive 
uncollapsed duplicated sequences and the absence of support for some gene models 
prompted us to reassemble the genome. Both assemblies were then compared and the 
new assembly was selected for further study. In the third chapter, eighteen wheat cultivars 
were used to extend the Chinese Spring reference. A metagenomics assembly approach 
was employed and 350 Mbp of additional sequence absent from the Chinese Spring 
reference were assembled. These sequences contained over 20,000 additional genes 
which were classified into core and variable genes and later characterized. The 
pangenome size was modelled as a function of the number of genomes and functional 
enrichment of the variable genes showed that these were enriched with genes involved in 
response to biotic and abiotic stress. In chapter 4, we use the new pangenome to identify 
over 34.6 million SNPs and further use these SNPs to characterize core and variable 
genes, to construct a high density genetic map and to assess the relatedness of the 
cultivars used in this study. We show that the variable genes have a higher SNP density 
particularly for non-synonymous SNPs. The results show that the synthetic cultivar W7984 
is the most divergent accession alongside Chinese Spring. Finally, in chapter 5, the future 
of pangenomic studies is evaluated with a critique and suggestions to improve the current 
wheat pangenome. 
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1 Chapter 1 Introduction and literature review 
1.1 Introduction and objectives 
Food production for a growing human population is a challenge in the face of 
decreasing access to water and land for agriculture, unpredictable changes in weather 
patterns due to climate change and the constant adaptation of pathogens able to spread 
disease to newer cultivars. The productivity gains obtained in the past 100 years are 
curtailed by these challenges and there is growing urgency to address these issues before 
food shortages and rising food prices hit those who are more vulnerable to such changes.  
One way of addressing these challenges is by continuous breeding of crop plants. 
Crop breeding increasingly benefits from the application of molecular tools such as marker 
assisted selection (MAS) and the increasing availability of genomic information supports 
these advanced breeding tools. The decreasing cost of DNA sequencing has accelerated 
genomics research in recent years. Most sequencing projects have focused on reference 
genome assembly and the discovery of high density molecular markers like SNPs. 
Nevertheless, the potential of genome sequencing goes further, because it offers access 
to novel genetic variants that would be beneficial to successful breeding programs. 
With more genomes being released every day, it is now common to perform 
comparisons between close species and between different individuals of a species. These 
comparisons have shown that an important fraction of the genome is not present in all the 
individuals and the genes present in these variable regions help shape the phenotype of 
their carrier. This discovery led to the realization that a single reference genome cannot 
possibly represent the entire diversity in a species and, in turn, led to the concept of the 
pangenome as the entity that encompasses all the genomic sequences in a species. 
With the release of the first wheat reference genome, it became possible to 
reconstruct and explore its pangenome with the addition of sequences from a diverse 
array of cultivars. The pangenome will be useful for the identification of novel genes that 
exhibit presence-absence variation in the species, the discovery of hidden genetic 
variants, the association of such variants to traits of agronomic interest and their eventual 
introgression into the germplasm of elite cultivars. It has been suggested that variable 
genes may be involved heterosis; if true their annotation could have dramatic effects in the 
selection process of parental accessions for breeding programs. 
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The aims of this thesis are to construct and characterize the wheat pangenome using 
all publicly available data from diverse wheat cultivars and to show its utility by identifying 
variable and core genes, annotating intervarietal SNP variants, constructing a high density 
genetic map and assessing the genetic relatedness of the cultivars. 
1.2 Common wheat 
1.2.1 Origin and domestication of wheat 
Wheat is the common name used to refer to a large and complex group of related 
species that have been used for human consumption for thousands of years and that was 
part of the first group of founder crops that were domesticated nearly 12,000 years ago in 
the Diyarbakir region in South East Turkey (Lev-Yadun et al., 2000, Luo et al., 2007). 
Wheat comprises diploid (einkorn wheat), tetraploid (durum wheat) and hexaploid (bread 
wheat) species both domesticated and wild and its evolution has been shaped by recurrent 
hybridization events with species from the genus Aegilops (Tsunewaki, 2009). 
Einkorn wheat (Triticum monococcum, AbAb genome 2n = 14) is a domesticated 
diploid species that is a close relative of the wild T. boeoticum. Molecular data placed the 
domestication of einkorn wheat in the Karacadag mountains regions on South East Turkey 
(Heun et al., 1997). It was part of the “founder” crops alongside rye (Secale cereale), 
barley (Hordeum vulgare), lentil (Lens culinaris), pea (Pisum sativum), chickpea (Cicer 
arietinum), bitter vetch (Vicia ervilia), flax (Linum usitatissimum) and emmer wheat 
(Triticum dicoccum) (Lev-Yadun et al., 2000). During the last 5000 years, cultivation of 
einkorn has largely been replaced by tetraploid and hexaploid wheats (Peng et al., 2011). 
This replacement has decreased the selection pressure on the domesticated einkorn 
wheat varieties. This is clearly shown by the absence of a domestication bottleneck and 
the fact that domesticated einkorn has more genetic diversity than the wild T. boeoticum 
race used for domestication (the β race)(Kilian et al., 2007).  
The second wild diploid wheat (T. urartu, AuAu) has not been domesticated, but it has 
played an essential role in the evolution of wheat by donating the A genome to all 
tetraploid and hexaploid species (Dvořák et al., 1993). The genome of T. urartu has been 
recently sequenced and assembled, revealing a larger gene content than its counterparts 
in the tetraploid and hexaploid wheats, an expansion of NBS-LRR type gene family and 
providing evidence for the role of repeat expansion in genome size enlargement during the 
evolution of the Triticeae (Ling et al., 2013). 
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Tetraploid wheats (2n = 28) occur naturally in the near and middle east. Two wild 
tetraploid species are known T. turgidum subsp. dicoccoides (wild Emmer with AABB 
genome) and T. araraticum (AAGG genome). The domesticated species T. turgidum 
subsp. dicoccon and T. timopheevii arose from their wild relatives. Due to its limited 
cultivation area in the Transcaucasia region, little research has been done on the 
Timopheevii lineage, which includes the hexaploid T. zhukovskyi (2n = 42, AmAmAuAuGG 
genome). However, the Turgidum lineage, which includes durum wheat and bread wheat, 
has been extensively studied because of its economic importance and wide area of 
cultivation. Both wild tetraploids are thought to have arisen through allopolyploidization 
events between T. urartu (AuAu) and a species from the lineage of the wild wheat Aegilops 
speltoides Tausch (Sarkar and Stebbins, 1956, Ogihara and Tsunewaki, 1988). Two 
populations of domesticated emmer wheat are clearly delimited, one in the Near East 
(Syria, Israel, Jordan and Lebanon) and the other one on Central—Eastern Asia (Turkey) 
(Luo et al., 2007, Ozkan et al., 2002). Although there is not enough evidence to support a 
single domestication site for tetraploid wheats, it is clear that the Central Asian population 
played a major role in the domestication of emmer wheat. Several different cultivated 
wheat species derived from the domesticated emmer wheat including the Persian wheat, 
the Polish wheat, the Khurasan wheat, and the Durum wheat (Damania, 1998).  
Durum wheat is the second most cultivated wheat species in the world after bread 
wheat. It derived from domesticated emmer wheat in the eastern Mediterranean region 
(Luo et al., 2007, Feldman and Kislev, 2007). Not only does it have a large genome 
(12Gbp) but it also contains a high number of paralogous genes (Dubcovsky and Dvorak, 
2007). Despite the high homology between its homeologous chromosomes, these behave 
as diploid chromosomes during mitosis and meiosis due to a dominant gene Ph1 found in 
chromosome 5B which controls the correct paring of homologous chromosomes and 
prevents pairing between the homeologous ones (Martinez-Perez et al., 2001). Human 
mediated expansion of the T. turgidum to the northeast of the Fertile Crescent, put it in 
sympatry with the goatgrass Aegilops tauschii (2n = 14, DD genome) which is considered 
the donor of the D genome in the allohexaploid T. aestivum. 
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Figure 1-1. Model of the evolution of the Triticum/Aegilops complex. (Marcussen et al., 
2014) 
 
 
Bread wheat (T. aestivum, 2n = 42, AABBDD genome) is the most important wheat 
species in the world due to its widespread use across all continents and is considered a 
staple food for 40% of the human population. No wild relatives of the allohexaploid wheat 
have been found which supports the hypothesis of its origin by hybridization of a 
domesticated T. turgidum (McFadden and Sears, 1946, Kihara, 1966) with Ae. tauschii as 
far back as 8000 years ago after farming spread from the Fertile Crescent and overlapped 
the natural distribution of Ae. tauschii (Giles and Brown, 2006). Whether allohexaploid 
wheat is the result of a single hybridization event or several parallel hybridization events is 
still under debate. By looking at 53 single-copy loci, the NOR3 rRNA locus and the Glu1 
locus in the D genome of hexaploid wheat and in Ae. tauschii genome, Devorak et al 
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(1998) concluded that the diversity in the D genomes of the wheat varieties analyzed was 
not enough to support the claim of concurrent hybridization between Ae. tauschii and T. 
turgidum (Dvorak et al., 1998). Nevertheless, Dvorak also proposed that human selection 
and evolution of D genome in hexaploid wheat may have resulted in the loss of genetic 
diversity and the apparition of new polymorphisms absent from the Ae. tauschii genepool 
as a possible explanation for his results. On the other hand, sequencing of loci Xwy838 
and Gss between both species have also provided evidence for multiple polyploidization 
events as the main drivers of the genepool structure of current hexaploid wheat cultivars 
(Caldwell et al., 2004). Similarly, a study using microsatellite data found evidence of 
recurrent hybridization and supported the idea that the D genome of hexaploid wheat is a 
composite of several sources (Lelley et al., 2000). A different study using a SNP array 
designed for Ae. tauschii (Luo et al., 2013), found that most f the wheat genotypes were 
more closely related to Ae. tauschii lineage 2 (strangulata genepool) than to lineage 1 
(tauschii genepool) which is strange given the extensive opportunity for crossing between 
tetraploid wheat and Ae. tauschii and supporting the monophyletic origin of hexaploid 
wheat (Wang et al., 2013).  Finally, the draft sequence of the wheat genome (IWGSC, 
2014) was compared to those of Ae. tauschii and T. urartu and the topologies of 
phylogenetic trees of single-copy orthologs genes of the three genomes were compared 
and analyze to propose a model for wheat evolution. In this model, Ae. tauschii originated 
through homoploid hybrid speciation  between the B and the A genomes approximately 1-
2 million years after the divergence of the A and B genomes  and hexaploid wheat 
appeared from recurrent hybridization events between T. turgidum and Ae. tauschii 
(Marcussen et al., 2014). 
1.2.2 Agronomic importance 
Common wheat, (Triticum aestivum) is one of the most important food crops in the 
world alongside with maize, rice and potato (FAO, 2016). It is the most widely grown 
cereal using one sixth of the crop acreage in the world (Gupta et al., 2008). It is estimated 
that in 2017, nearly 750 million tons of wheat will be produced worldwide 
(http://www.fao.org/worldfoodsituation/csdb/en/). This product is the main source of protein 
and calories for 35% of the world population (http://www.idrc.ca/en/ev-31631-201-1-
DO_TOPIC.html) and it is estimated to provide one fifth of the total calories consumed by 
humans (Pfeifer et al., 2014). Between 2010 and 2013 wheat production decreased by 
nearly 6% mostly due to severe weather events (Asseng et al., 2015, Lobell et al., 2011). 
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Nevertheless, it is estimated that in the next 50 years wheat production will need to double 
to keep pace with global demand (Tilman et al., 2011). 
1.2.3 Wheat breeding 
One way of increasing wheat productivity is by breeding which has proven to be a 
successful strategy for increasing yield in the past (Reif et al., 2005, Evenson and Gollin, 
2003) and will continue to play and important role to overcome the challenges described 
before. Resistance to hydric stress, high salinity, drought, pathogen infection and low 
nutrient availability are among the most sought after traits. Landraces and wild relatives 
are an important source of genetic variants encoding for many of these traits and have 
been used for gene introgression in wheat (Longin and Reif, 2014, Lopes et al., 2015, 
Mengistu et al., 2016, Feuillet et al., 2008). Identification of heterotic groups in wheat is 
another field that promises increases in yield and resistance to biotic and abiotic stress 
(Mette et al., 2015, Zhao et al., 2015). 
Breeding in wheat was focused primarily on yield and thus its production has been on 
the rise since the late 1960s, mostly due to wide-scale adoption of Green Revolution 
technologies (Evenson and Gollin, 2003). The semi-dwarf wheat varieties developed at 
CIMMYT are a prime example of the achievements of wheat breeding programs. These 
varieties contain the dwarfing genes Rht8, Rht-D1b and RhtB1b which prevented lodging 
and increased grain yield (Hedden, 2003). This was achieved by diverging nutrients away 
from the pathways of biomass production, which increased plant size and made it more 
susceptible to lodging (Tang et al., 2009, Robbins, 2009). By forcing the plant to be 
smaller, the nutrients were better used in seed production. Successful tests in India and 
Pakistan in the early sixties led to a revolution that allowed both countries to double the 
national wheat production in only 4 years passing from net importesr to net exporters of 
bread wheat (http://maswheat.ucdavis.edu/protocols/Dwarf/index.htm). 
Breeding efforts are now focused on different areas including increasing the diversity 
in elite wheat cultivars by the development of synthetic varieties (Zegeye et al., 2014, 
Rasheed et al., 2014, Mujeeb-Kazi et al., 2008, del Blanco et al., 2001), increasing 
radiation use efficiency with the introduction of C4-like traits, increasing the nutrient 
partitioning to grain yield while maintaining lodging resistance and improving screening, 
prediction and selection methods (Poland et al., 2012a, Heffner et al., 2010, Crossa et al., 
2014)to accumulate complex physiological traits with higher yielding potential (Reynolds et 
al., 2011, Rebetzke et al., 2009). 
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For years wheat breeding was curtailed by the lack of large scale genomic resources 
(Lai, 2015, Muhindira, 2016). Development of these resources for discovery of molecular 
markers was a priority in the wake of the genomics era and several projects were 
undertaken to build them up including the sequencing of FOSMID libraries, whole genome 
shotgun sequencing (Brenchley et al., 2012), sequencing of expressed sequence tags 
(ESTs) (Yu et al., 2004, Lazo et al., 2004) and the construction and sequencing of 
bacterial artificial chromosomes (BAC) libraries (Allouis et al., 2003, Šafář et al., 2010, 
Šafář et al., 2004). These new resources coupled with the extensive cytogenetic resources 
that have been developed since the beginning of the 20th century have been used to 
improve our knowledge of the genomic architecture of wheat (Gupta et al., 2005, Stebbins, 
1947, McFadden and Sears, 1946, Kihara, 1919, Sakamura, 1918). The ultimate goal was 
the construction of the complete physical map of hexaploid wheat. The first draft of the 
wheat genome was published in late 2014 (IWGSC, 2014). 
1.2.4 Wheat genetics and genomics 
The reconstruction of the wheat genome was extremely difficult in large part due to 
its size (17Gbp) (Bennett, 1972, Smith and Flavell, 1975), its ploidy (allohexaploid 2n = 6x 
= 42) (Kihara, 1919, Sakamura, 1918) and the high levels of repetitive sequence estimated 
at around 80% (Smith and Flavell, 1975, Flavell et al., 1974, Paux et al., 2008). The 
challenges were such that early assessments considered it infeasible (Gill et al., 2004) and 
suggestions were made to instead sequence the wild diploid relatives T. urartu (AuAu), Ae. 
tauschii (DD) and Ae. speltoides (BB). However, due the extensive gene loss during 
hybridization and polyploidization of T. turgidum and T. aestivum (Smet et al., 2013, 
Kashkush et al., 2002, Soltis and Soltis, 2012, Paterson AH, 2012), as well as large 
genomic rearrangements (Badaeva et al., 2007), the International wheat genome 
sequencing consortium (IWGSC) preferred to sequence the hexaploid wheat. 
Remarkably, despite its high levels of repetitive sequence and numerous 
orthologous/paralogous loci between homeologous chromosomes, chromosome pairing 
during cell division occurs correctly. This behaviour is controlled by the Ph1 locus in the B 
genome and has been responsible for the relative genome stability exhibited by wheat 
(Martinez-Perez et al., 2001, Griffiths et al., 2006).  
Numerous studies have shown that blocks with conserved gene order have remained 
relatively unchanged in most grasses since the common ancestor (Murat et al., 2010). 
These syntenic regions can still be found in diverse grasses (International Brachypodium, 
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2010, Huo et al., 2009, Akhunov et al., 2013) and have been used to order contigs into 
syntenic blocks and pseudomolecules (Pfeifer et al., 2013, Berkman et al., 2013a, 
Berkman et al., 2012a, Berkman et al., 2011b, Mayer et al., 2009, Mayer et al., 2011). 
Several sources of evidence have shown that the subgenomes of wheat (A, B and D) 
have very different characteristics. The D genome has lower sequence diversity than the A 
and B genomes, with B being the most diverse one. This been shown time and again 
using various lines of evidence. Microsatellite diversity shows that the D genome had 
fewer alleles than the A or B genomes (Huang et al., 2002b, Prasad et al., 2000, Plaschke 
et al., 1995). Comparisons of genetic diversity between hexaploid wheat and its wild 
diploid relatives demonstrated that there was little difference in diversity between the 
tetraploid wheats (AABB) and hexaploid wheat, but there was a large loss of diversity 
between Ae. Tauschii and the D genome of wheat (Haudry et al., 2007, Reif et al., 2005). 
Genetic mapping assays have shown that the D genome consistently has fewer markers 
and recombination bins (Wu et al., 2015, Li et al., 2015c, Chen et al., 2012, Sorrells et al., 
2011, Semagn et al., 2006, Gupta et al., 2005, Peng et al., 2004, Lazo et al., 2004, Kam-
Morgan, 1988). It has been suggested that the little diversity found in the D genome is due 
to the little gene flow between the wild relative Ae. Tauschii and the hexaploid varieties 
compared to more frequent gene flow from tetraploid wheat and common wheat (Reif et 
al., 2005, Berkman et al., 2013a). 
The D genome has also been shown to contain a higher gene density (Wang et al., 
2014, Qi et al., 2004, Berkman et al., 2013a). Extensive gene loss has been shown in the 
early stages after interspecific hybridization and genome duplication (Chen and Ni, 2006, 
Wendel and Doyle, 2005, Adams and Wendel, 2005, Kashkush et al., 2002, Pestsova et 
al., 2001, Wendel, 2000, Ramsey and Schemske, 1998) and it has been suggested that 
the A and B genomes, having experienced two rounds of genome duplication after 
hybridization compared to one single round for the D genome may be the cause of this 
difference. However, it has been shown that after polyploidization and rapid gene loss, one 
genome takes a dominant role in gene expression and is less prone to diversification of 
the duplicated homeologous genes (Woodhouse et al., 2014, Parkin et al., 2014, Grover et 
al., 2012, Schnable et al., 2011). The latter theory of genome dominance would also 
explain the scaling diversity between the three sub-genomes with B being the most 
divergent, followed by A and finally the D subgenome. This has been explained by 
assigning the A genome a temporary dominance over the B genome after the formation of 
tetraploid wheat. This would have increased the selective pressure on the A genome 
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compared to the B. After the second hybridization between the tetraploid and Ae. tauschii, 
the dominant role was taken by the D genome, which relaxed the constrains on the A 
genome (Pont et al., 2013). 
1.3 Current status of genome sequencing and assembly 
The description of the dideoxy chain termination method for sequencing DNA by 
Sanger et al. (1977) (Sanger et al., 1977) and the publication of the first full genome 
sequence (phage phiX174) (AIR et al., 1977) laid the foundations for the modern 
automated sequencing machines that we see today. The dominance of the Sanger method 
until the early 2000 was then replaced by modern high-throughput sequencing methods 
like Illumina and 454. More recently, these sequencing platforms are being complemented 
with third-generation sequencing technologies, which reduce throughput in benefit of 
longer, low quality reads. Here I will do a short description of these sequencing 
technologies. 
1.3.1 Sanger 
It is considered the gold standard of sequencing technologies and has been used to 
complete several genome sequencing projects until the advent of high throughput 
sequencing technologies. 
This sequencing method relied on PCR to incorporate dideoxy nucleotides that 
caused early termination of the elongating chain. By preparing 4 reactions, each with a 
different dideoxy nucleotide, and resolving the PCR fragments in a polyacrylamide gel, it 
was possible to determine the order of the nucleotides in the DNA chain. The term 
sequencing by synthesis was coined to refer to those sequencing protocols that depend on 
the use of DNA polymerase to determine the correct order of the nucleotides. 
1.3.2 Roche 454 
One of the first high-throughput sequencing technology which relied on sequencing-
by-synthesis to determine the DNA sequence. The technology relied on pyrosequencing, 
which uses luciferase to emit light using the pyrophosphate released after the addition of a 
nucleotide to the growing chain. The amount of light emitted was directly proportional to 
the number of nucleotides added in a single cycle. Thus 454 used four consecutive cycles 
of A, C, G and T used separately and measured the recorded the amount of light emitted 
in each cycle (Rothberg and Leamon, 2008). This combined with advanced microfluidic 
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control and massive parallelization allowed higher production of sequences in a short 
period of time. 
This technology produced medium-sized reads from 100 bp to up to 500 bp. 
Unfortunately, the error rate was greater than Sanger technology and it was particularly 
prone to insertion-deletion bias, particularly in homopolymeric regions because it was 
difficult to differentiate between the peak of light produced by five or more identical 
consecutive nucleotides (Luo et al., 2012a, Mariette et al., 2011). Roche stopped providing 
support for this technology in 2016. 
1.3.3 Illumina 
Previously known as Solexa, this is the most popular sequencing platform currently 
available. It has dominated the sequencing market for the past 10 years in large part due 
to its high-throughput, which has reduced the price per nucleotide sequenced and the high 
accuracy of the reads. The technology has prioritized quality and throughput over length of 
the reads (Cronn et al., 2008, Rougemont et al., 2008). Currently they produce reads as 
long as 300 bp, although in its beginnings the average read length was 32 bp. The 
technology also depends on sequencing-by-synthesis and uses high definition cameras to 
record the addition of nucleotides to several thousands of DNA chains in parallel. These 
DNA templates are kept in place with the use of beads embedded in the sequencing 
flowcell. Each bead contains a population of identical templates and thus emits the same 
fluorescence when a similar nucleotide is added. The use of several clones per bead is 
used to increase the fluorescence emitted and thus its accuracy (Quail et al., 2012).  
The main drawback for this technology is the small size of the reads produced which 
makes it difficult to resolve long repetitive regions in complex genomes. This problem was 
somewhat alleviated by the development of paired-end and mate-pair libraries (Leggett et 
al., 2014). Both libraries allowed the use of longer templates, although the full template will 
not be sequenced. Instead, reads are generated from the ends of the templates. These 
library construction techniques increase the long range information stored by the library 
and can be used to produce scaffolds when enough long-distance evidence from the read 
pairs supports the connection (van Heesch et al., 2013). 
1.3.4 ABI Solid 
Solid sequencing was based on the sequencing-by-ligation technology, which used 
the stringent hybridization of fluorescent–labelled dinucleotides to a template followed by 
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imaging of the fluorescence emitted to determine the sequence of the DNA template. The 
use of dinucleotides ensures that every base is read twice and thus increases the 
accuracy of base calls and improved SNP detection and sequencing error detection 
(Goodwin et al., 2016, Valouev et al., 2008). The use of dinucleotides forces the system to 
replace the base calling approach for a colour scheme, where each colour represents 4 
possible dinucleotides. This colour-based approach generates coloured-encoded 
sequences where that needs to be deconvoluted prior to its use in downstream 
applications. The lack of direct compatibility with downstream analysis tools and the fact 
that Solid still lags behind in read length with the current platform producing reads of 75bp 
have made Solid the least used sequencing platform. This sequencing platform is no 
longer being commercialized. 
1.3.5 Pacific Biosciences 
This is the most popular third generation sequencing technology commercially 
available. It is capable of producing reads an order of magnitude larger than current 
second generation sequencing technologies. These longer reads offer the possibility of 
producing more contiguous genome assemblies by resolving long repetitive regions that 
the short reads were unable to complete accurately (Roberts et al., 2013). In prokaryotes, 
full length chromosome-size contigs are being routinely assembled using only PacBio 
reads (Uchimura et al., 2016, Korlach et al., 2010). In addition to repeat resolution, the use 
of longer reads allows the production of phased haplotypes in diploid or polyploid 
organisms by reducing ambiguity in the assembly graph. PacBio reads are also being 
actively used in the sequencing of full-length transcripts that can be used to detect 
complete isoforms and to improve genome annotation pipelines (Ashby et al., 2017, 
Rhoads and Au, 2015, Abdel-Ghany et al., 2016, Gonzalez-Garay, 2016). 
This technology uses the DNA polymerase as the engine of sequencing and allows 
direct observation of DNA polymerization on real time. The development of the a 
specialized flowcell with thousands microwells with of zero-mode wavelength is used for 
the recording of fluorescence emitted by a single nucleotide incorporated at a time 
(Levene et al., 2003, Korlach et al., 2010, Eid et al., 2009). Despite its many uses, PacBio 
still lags behind in sequence accuracy and throughput compared to other SGS 
technologies. PacBio reads often have 15% error rate and currently requires either large 
amounts of coverage (≥80X) or SGS reads to improve the quality of the raw reads via error 
correction. Both approaches increase the costs of sequencing. Nevertheless, the 
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technology has ample space for improvement. Circular consensus sequences (CCS) 
produce slightly shorter reads (~4 Kbp) with fewer errors (5-10%). With continuous 
improvements in sequencing accuracy, PacBio is already displacing prior SGS 
technologies in the de novo assembly field. 
1.3.6 Oxford Nanopore 
Oxford nanopore sequencing technology is another TGS platform with huge potential 
that has been in development for the past 5 years. The recent launch of the Minion 
sequencing platform which promises easy real-time sequencing with minor library 
preparation protocols seems to aim at the personalized genomics field. The technology 
offers reads longer than those provided by PacBio with some reads reported to be as long 
as several hundred kilobases long (http://lab.loman.net/2017/03/09/ultrareads-for-
nanopore/). As with PacBio, it offers a plethora of applications that are not currently viable 
with SGS technologies like haplotype phasing, highly contiguous genome assemblies and 
full length transcripts. However, the error rate of these reads is greater than that of PacBio 
with an average accuracy of (70%) (Mikheyev and Tin, 2014). Currently, nanopore 
sequences have been used for the de novo assembly of the Escherichia coli genome 
(Loman et al., 2015) or for hybrid de novo approaches (Goodwin et al., 2015).  
The technology is based on the use of transmembrane proteins able to carry a 
complete DNA molecule from one side of the membrane to the other without breaking it. 
With every nucleotide passing the sequencer records the changes in the electric potential 
of the membrane. Ideally, such change would depend exclusively on the nucleotide that is 
currently passing through the pore. In reality, up to 6 nucleotides can influence the change 
in the electric potential of the membrane and that is what complicates base calling. In 
order to increase the accuracy of base calls from nanopore raw data, sophisticated 
algorithms based on hidden Markov models and more recently neural networks have been 
developed to produce more accurate base calls (Boža et al., 2017, David et al., 2017). 
However, development of accurate base calling algorithm is still an area of active 
research. 
1.3.7 Current algorithms in de novo assembly 
De novo assembly is the process through which a genome sequence is 
reconstructed from overlapping fragments of the longer original sequence. Common sense 
dictates that, in order to reconstruct the original sequence, comparisons between all 
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fragments must be made and scored, high scoring alignments can be merged into a single 
consensus sequence and these can, in turn, be extended by lower scoring alignments until 
all the fragments (reads) are included in the sequence. This naïve approach has been 
modified and implemented in several public assemblers. 
However, despite the simplicity of its formulation, genome assembly is never as 
straightforward as it seems. The algorithms need to be optimized to deal with the error 
biases inherent to each sequencing technology. For example, 454 data is more prone to 
indel errors than Illumina data and PacBio data is more prone to erroneous base calling 
than Sanger sequencing. Reads’ lengths also play a role in the type of implementation that 
is going to be used for assembly. 
On top of that, the existence of large repetitive regions, nearly identical repeats, 
highly conserved orthologous sequences and different heterozygosity levels increases the 
challenges that need to be overcome by the assembly algorithms. Thus, different flavours 
of the same algorithmic approach have been implemented and published. Advances in 
sequencing technologies will require the fine-tunning of these assembly implementations 
to deal with the specific error profile of each technology.  
1.3.7.1 Overlap-layout-consensus approach 
As the name suggests the overlap-layout-consensus algorithm (OLC) has three main 
steps. In the first step all the reads are aligned to each other in an all vs all fashion and 
significant overlaps are kept. In the second step, the reads are ordered to form a path, 
eliminating low quality paths from the graph. In the final stage, ordered aligned reads are 
used to calculate a consensus sequence. This consensus is usually determined by the 
sequence quality of the aligned reads and the majority rule, where the consensus 
nucleotide is the one with the highest frequency in a certain position. 
Although this approach tends to produce the most contiguous and better finished 
genomes, it is usually prohibitively slow, particularly for larger genomes or high coverage 
datasets. It also uses large amount of memory because all reads must be stored in 
memory during the overlapping and consensus steps. These drawbacks make it of little 
use when attempting the reconstruction of large genomes like wheat or barley or when 
using very high coverage like those obtained with Illumina reads. 
This algorithm has been implemented in many assemblers including the wgs-
assembler (Myers et al., 2000), PCAP (Huang et al., 2003), Newbler and Phrap (de la 
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Bastide and McCombie, 2007). This algorithm has also been used in the assembly of high 
quality reference genomes like Drosophila melanogaster (Myers et al., 2000) and human 
(Levy et al., 2007). The algorithm is better suited for long reads like the ones produced by 
Sanger or 454. More recently minor modifications were made to take advantage of PacBio 
and Oxford nanopore reads. WGS-assembler is routinely used for the de novo assembly 
of bacterial genomes to finished high quality reference genomes using only PacBio reads 
(Koren and Phillippy, 2015, Scott and Ely, 2015, Liao et al., 2015). 
1.3.7.2 De Bruijn graph 
The De Bruijn graph algorithm is based in the decomposition of the original reads into 
smaller kmers of a fixed size. This decomposition is done for two reasons: 1) to reduce 
memory consumption storing all essential data and getting rid of redundant kmers and 2) 
to reduce the number of comparisons that need to be made between reads. The 
decomposition of reads into kmers is usually immediately capitalized by the construction of 
a de Bruijn graph which connects all kmers with a minimum coverage cut-off through 
edges of size k-1. The algorithm then travels across the graph and removes low coverage 
paths, lose ends and resolves bubbles or splits bubbles in the graph. These steps are 
called graph simplification and are used to remove. The final step is to find an eulerian 
path across the graph that maximizes the number of nodes visited (Pevzner et al., 2001). 
This approach is usually faster and less memory intensive than the OLC approach which 
turns previously unthinkable genomes for de novo assembly into targets to improve the 
accuracy of the algorithm. 
Unfortunately, the decomposition of reads into kmers loses the sequence information 
from individual reads and can lead to missassemblies caused by repeats longer than the 
kmer size selected. To overcome this issues, different modifications to the original deBruijn 
graph have been made including coloured deBruijn graph (Iqbal et al., 2012), rectangle 
graphs (Vyahhi et al., 2012) or by using several different kmer sizes consecutively and 
combining the results into a single graph (Bankevich et al., 2012, Peng et al., 2012, Peng 
et al., 2010). Another improvement was the addition of scaffolding steps to use the 
information stored in paired-end and mate-paired reads to produce larger contiguous 
sequences by stitching contigs with enough support from mate-pair or paired-end data and 
estimated the distance and orientation of the contigs based on the meta data stored in the 
reads (Boetzer et al., 2011, Pop et al., 2004). 
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Due to the dominance of short illumina reads in the genomes sequencing market, 
deBruijn graph assemblers are the most used assemblers available. There are many open 
source implementations available like Velvet (Seemann, 2012, Zerbino et al., 2009, 
Zerbino and Birney, 2008), Spades (Bankevich et al., 2012), Soap De novo (Luo et al., 
2012b) or Abyss (Simpson et al., 2009) all of which implement slightly optimized versions 
of the deBruijn graph. Recently, deBruijn graphs have been proposed as efficient 
structures to facilitate long read error correction (Salmela et al., 2017, Tischler and Myers, 
2017). 
1.4 Pangenomic studies 
The exponential increase in the number of sequenced genomes in the last decades 
has made evident that large structural variations between individuals of the same species 
have taken place. This observation has raised concerns that a single reference genome 
cannot represent the entire sequence diversity present in a population (Saxena et al., 
2014, Golicz et al., 2016a). A considerable number of sequences are affected by copy 
number variations (CNV) (Żmieńko et al., 2014) which are pervasive in all organisms 
including human (McCarroll and Altshuler, 2007, Iakoubov et al., 2013), maize (Swanson-
Wagner et al., 2010) and cyanobacteria (Schirrmeister et al., 2012). An extreme case of 
CNV variations are the presence-absence variation (PAV). In this type of polymorphisms, 
a sequence is present in one individual, but absent in another. In wheat the existence of 
CNVs and PAVs is well documented. A targeted resequencing study of  3,497 genes 
between two wheat varieties showed that 85 genes exhibited CNV while 10 genes showed 
PAV (Saintenac et al., 2011). Another study on flowering gene Ppd-B1 found that cultivars 
with increased copy numbers of this gene flowered earlier (Díaz et al., 2012). To gain 
access to those genes and use them for breeding programs a pangenome reference must 
be constructed and annotated. 
The term pangenome was originally coined by Tetellin et al (2005) in his description 
of comparative genome organization of various strains of Streptococcus agalactiae 
(Tettelin et al., 2005, Medini et al., 2005). The original definition of the pangenome was the 
sum of all genes present in all individuals in a species. Of course it is impossible to expect 
that all individuals will be sequenced, but by means of a mathematical extrapolation, 
Tettelin et al (2005) showed that a plateau in the total number of genes could be reached 
after modelling the increase as a function of the number of genomes included. He further 
divided the genes in the pangenome in two groups: those present in all individuals, which 
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accounted for 80% were the core genes. The other group was the one that exhibited 
presence-absence variation and was not essential for the survival of any strain. He termed 
the latter group dispensable genome. The concept of pangenome has grown to include 
non coding sequencing that could have an effect on the phenotype and ultimately all 
sequences that exhibit PAV regardless of their biological function (Vernikos et al., 2015). 
Since its inception, pangenomic analysis have been performed on several different 
bacterial species with different levels of resolution, while some aimed to the species level 
(Schoen et al., 2008), other aimed at the genus level (Jacobsen et al., 2011) or the class 
level (Collins and Higgs, 2012). In all cases, it was possible to classify the nature of the 
pangenomes constructed based on the convergence towards a maximum number of 
genes present in the group analysed. While modelling a pangenome expansion as a 
function of the number of genomes analysed, it is possible to determine if the addition of 
more genomes will lead to a convergence in the total number of genes in the pangenome 
or not. If the total number of genes converges towards a plateau, this means that the 
pangenome is closed, because the total number of genes is estimated to be finite. 
However, if the gene count does not stabilize and appears to grow indefinitely, the 
pangenome is said to be open and the addition of more genomes will not increase the size 
of the pangenome. 
1.4.1 Pangenome analysis 
Most pangenomic studies aim to understand the dynamics of gene gain, loss or 
evolution in a species by estimating the total potential size of the pangenome if all 
individual were sequenced or by estimating individual contribution of a single individual to 
the total gene pool of the species. Another interesting focus is on the core and variable 
genes. As explained above, the core genes are expected to be essential to delimit the 
identity of the species and include all those genes that make it unique and different from all 
other. Knowing the functions and the effects on phenotype of these genes would help 
design better classification tools and set clearer boundaries between species. It may even 
help in the redefinition of the term “species”. Focus on the variable genes would shed light 
on the particular adaptations acquired by different individuals and the mechanisms through 
which these variable genes were acquired or how they originated. 
Mathematical regression and modelling of the pangenome expansion are common 
features of pangenomic analyses. These are used to estimate different metrics that define 
the characteristics of the pangenome like total gene content, average gene contribution 
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per individual and average number of unique genes per individual. Several tools have 
been designed to perform the analysis for bacterial genomes. These tools include BPGA 
(Chaudhari et al., 2016), PanGP (Zhao et al., 2014) and PanSeq (Laing et al., 2010) and 
they differ in the approach they take to estimate total gene content of the pangenome. In 
general they follow three steps to do the estimation: first, subsets with all possible 
permutations from 2 to X genomes are generated; second, the total number of non-
redundant genes and common genes is calculated for each permutation and finally, all 
points are used to estimate the parameters of a model where X is the number of genomes 
and Y is either the total number of non-redundant genes (pangenome size) or the total 
number of common genes (core genome). The main difference between the programs lies 
in the simplifications taken at every step. These simplifications are designed to reduce the 
amount of time taken by the analysis, particularly when including hundreds of genomes, 
while reducing their impact on the estimations. For example, some implementations do not 
calculate all possible combinations of genomes, but rather choose a random sample of 
combinations for each value of X (X = number of genomes). Other implementations use 
different smaller samples of the genomes analysed and estimate the final values for the 
entire set based on the convergence of the models estimated for the smaller subsets 
(Laing et al., 2010). 
There are many factors that influence the results of a pangenome study. However, 
given that these studies need to estimate the number of common and total non-redundant 
genes, accurate gene annotation is of utmost importance to reduce the number of 
pseudogenes and annotation artefacts that may influence the final estimations. Accurate 
annotation of genomes relies on the integration of several lines of evidence which include 
empirical evidence like full-length cDNA, RNA-seq and protein alignment or probabilistic 
data, like coherence of the gene model, length of the open reading frame (ORF), presence 
of exon-intron boundaries, 3’ and 5’ untranslated regions, start codon, end codon, 
polyadenylation signals, codon usage frequency among others (Simão et al., 2015, 
Campbell et al., 2014, Yandell and Ence, 2012, Holt and Yandell, PGSC, 2011, Cantarel et 
al., 2008, Elsik et al., 2006, Conesa et al., 2005). 
The classification of genes between core and variable is also an important part of the 
analysis and needs to be taken with caution. The fact that a gene appears to be variable in 
a species does not mean that its underlying function is also variable. In fact, function 
redundancy is a common feature of plant genomes (Moore and Purugganan, 2005). So it 
is important to distinguish core functions and core genes and by extension variable 
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functions and variable genes. In the face of incomplete functional annotation, orthology 
may be used for the determination of functional clusters (Li et al., 2003, Gabaldon and 
Koonin, 2013). 
1.4.2 Plant pangenomic studies 
As has been mentioned before, pangenomic studies have their foundations in the 
discovery of structural variants and copy-number variations of which presence-absence 
variations are an extreme example. Large-scale copy number variations in the human 
genome have been reported since the mid 2000’s (Iafrate et al., 2004, Sebat et al., 2004) 
and have been linked to cancer (Lee et al., 2007, Yoshihara et al., 2011) and other 
degenerative diseases  (Liao et al., 2012, Pankratz et al., 2011). However, their study in 
plant genomes is relatively new. 
Comparative genome hybridization assays in maize uncovered thousands of 
examples of structural variation. Springer et al. (2009) designed a CGH array based on the 
B73 reference genome and discovered over 3,000 CNVs and PAVs. The distribution of 
these variants was not homogenous along the genome with long stretches of little if any 
polymorphism between B73 and Mo17 and pockets of high CNV frequency (Pankratz et 
al., 2011). A closer focus on protein coding regions of the B73 maize and compared with 
19 inbred maize cultivars and 14 wild teosinte samples, revealed nearly 4,000 genes with 
some degree of copy-number variation (Swanson-Wagner et al., 2010). Belo et al (2009) 
suggested that genes exhibiting PAV may play a role on heterosis (Beló et al., 2009). More 
recently, the use of NGS has facilitated the discovery and reconstruction of large structural 
variants between maize genotypes.  Resequencing of six elite maize inbred varieties 
revealed hundreds of complete genes that exhibited presence-absence variation many of 
which were shared by various cultivars (Lai et al., 2010). Gore et al (2009) used a 
resequencing approach to compare genomic diversity in 27 inbred maize lines. He found 
that the B73 genome contain approximately only 70% of the total gene pool available for 
maize (Gore et al., 2009). The reconstruction of representative transcripts assemblies from 
502 diverse maize cultivars, showed that nearly 50% of them did not show evidence of 
being present in the B73 reference genome (Hirsch et al., 2014). In the same study, it was 
shown that the maize pan genome was closed and that further sequencing of more 
cultivars would result in limited gene discovery. SGS was further used to sequence over 
14,000 elite inbred maize plants, polymorphic tags were identified and 26 million were 
identified of which 1.1 million were identified as true PAV tags (Hirsch et al., 2014). 
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In rice, CGH analysis were used to explore the genomic diversity of rice lines showed 
that around 700 genes showed some kind of copy number variation with the majority 
indicating a loss of copies compared to the Nipponbare reference genome. (Yu et al., 
2011). Resequencing of 40 inbred lines and 10 wild relatives discovered 1415 new genes 
that were absent in the Nipponbare genome, 48% of which were present in only one 
accession. Also nearly 1300 genes were lost in at least one cultivar compared to 
Nipponbare (Xu et al., 2012). Whole genome comparisons between Nipponbare and var 
93-11 showed that at elast 10% of the genes were under PAV or CNV (Ding et al., 2007). 
These studies were extended by two landmark papers comparing thousands of rice 
accessions and discovering large amounts of genes under presence absence variation. 
The first one was done using a low-coverage sequencing of ca. 2,000 rice accessions. The 
unmapped reads were reassembled using a metagenomics approach. This resulted in the 
discovery of thousands of new genes that were absent from the Nipponbare reference 
genome. The authors used linkage’disequilibrium to place 78% of SNP-containing genes 
into the Nipponbare reference genome. Characterization of these dispensable genes 
showed that they nearly half of them were transposable elements-related proteins and 
from the remaining, those with functional annotation revealed an enrichment with disease 
resistance genes, salt stress response and zinc finger proteins (Yao et al., 2015). Finally, 
the sequencing of over 3,000 rice varieties from 89 countries resulted in the construction of 
the first crop plant pangenome. This study found at least 12,000 novel genes that were 
absent from the Nipponbare reference genome and that have been placed in the rice 
pangenome. The authors have also generated a graphical representation of the 
pangenome in the form of a genome browser that is accessible here: 
http://cgm.sjtu.edu.cn/3kricedb/ (Sun et al., 2017, Li et al., 2014a, The 3000 Genome 
Project, 2014). 
In Arabidopsis thaliana, early comparisons of three divergent ecotypes (Col-1, Bur-1 
and Tsu-1) using a resequencing approach identified ˃3.4 Mbp of sequence that was 
highly dissimilar, deleted or duplicated relative to the Col-1 reference genome (Ossowski 
et al., 2008). A combination of CGH and whole genome shotgun sequencing to compare 5 
different A. thaliana ecotypes detected 55,000 medium indels that affected over 1,500 
genes in all the ecotypes. Transposable elements were overrepresented in the genes 
affected by this indels (Santuari et al., 2010). Later, consecutive studies using whole 
genome shotgun sequencing, identified hundreds of genes under CNV or PAV including 
130 genes that were completely lost in the Ler-ecotype (Cao et al., 2011, Lu et al., 2012). 
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Sequencing of 18 A. thaliana genomes identified between 2.1 and 3.7 Mbp of sequence 
missing from these accessions, but present in the reference Col-1.(Gan et al., 2011). Tan 
et al. (2012) after resequencing 80 accessions of A. thaliana found that around 10% were 
absent in at least one accession analysed (Tan et al., 2012). A characterization of genes 
showing PAV found thata in average these were shorter and younger than genes that did 
not exhibited PAV (Bush et al., 2014). 
As sequencing technologies become cheaper, reads longer and more accurate, the 
number of projects aiming to construct catalogues with the entire gene pools of plant 
species will become more common. Other pangenomic studies have been performed in 
soybean (Li et al., 2014c) and Brassica oleracea (Golicz et al., 2016b) while exploratory 
studies have discovered and characterized gene PAV or CNV in important food crops like 
wheat (Saintenac et al., 2011), potato (Hardigan et al., 2016, Iovene et al., 2013) and 
sorghum (Zhang et al., 2014). 
1.5 Genetic variation 
Genetic variation is the result of the natural tendency of DNA sequences to change 
over time. These variations are usually brought about by mutation and can be fixed in a 
population by positive selection or removed from it by negative selection. Some mutations 
are not under any selective pressure so their retention in the population depends on 
genetic drift. Variations are important because they offer opportunities of survival in the 
face of a changing environment. Variation can be used by breeders to incorporate a 
desired trait into an already stablished cultivar or to introduce more diversity to the 
domesticated stock. However, it has only been after the discovery of DNA, that we were 
able to access and use the source of all variability. Nowadays, we routinely use molecular 
markers to identify and exploit the variability found in the genome. 
1.5.1 Molecular Markers 
Molecular markers are DNA sequences that help discriminate different individuals 
and that belong to a specific locus in the genome. These sequences are useful because 
they can be to assess diversity between and within closely related species, to produce 
genetic linkage maps and to link genotypic information with phenotypic traits that help 
understand the molecular basis of morphologic characteristics (Edwards and Batley, 
2004). Molecular markers have proven useful in breeding programs by facilitating selection 
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and reducing the time and costs traditionally associated with extensive phenotyping 
efforts. 
1.5.1.1 Restriction fragment length polymorphisms (RFLP) 
First developed by Williams (1989), this is a type of marker that finds differences in 
the migration patterns of bands. It essentially has 4 steps 1): total genomic DNA digestion 
with a single restriction endonuclease; 2) separation of restriction fragments of different 
sizes using electrophoresis; 3) transfer of the DNA to a suitable membrane for 
hybridization and 4) hybridization with labelled probes (Williams, 1989). The underlying 
principle is that the probes will hybridized only to a handful of well defined sequences in 
the genome. If the restriction sites in two individuals are different, then the size of the 
fragments carrying the hybridization targets will also be different and that will be visible as 
a different migration .pattern of the bands in the membrane. 
This was the first DNA fingerprinting technique developed and it was widely used 
prior to the development of more advanced techniques. The advantage of this technique is 
that most markers are co-dominant so both alleles in a diploid individual can be observed. 
The downside of these technique is that it is labour-intensive, requires large amounts of 
DNA, it is not scalable and requires a long time to prepare. 
1.5.1.2 Amplified fragment length polymorphism (AFLP) 
Developed by Vos et al. (1995), this technique also searches for differences in the 
migration patterns of bands on a gel after electrophoresis and relies on the use of 
restriction enzymes to produce the fragments. The main difference with RFLP lies in the 
use of polymerase chain reaction (PCR) to obtain observable amount of DNA. It consists 
of 5 steps: 1) total genomic DNA is digested with two different restriction enzymes; 2) 
adapters are ligated to the restriction fragments 3) two consecutive selective PCR rounds 
are performed, each more stringent than the former; 4) the final PCR product is diluted and 
amplified fragments are separated by electrophoresis; 5) silver staining is used to reveal 
the banding pattern (Vos et al., 1995). 
The main advantage of this technique is that it can reveal hundreds of differences 
between samples in a single assay. It also requires smaller amounts of starting DNA and 
does not rely on DNA transfer to a hybridization membrane or the use of labelled probes. 
Finally, a single library with adapter-ligated fragments can be used in many assays and 
produce different patterns by changing the selection conditions during PCR. The downside 
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is that it is not comparable between gels, the large amount of bands makes it difficult of 
genotype and it is impossible to distinguish the fragments of one chromatid from another 
so all fragments are treated as dominant. 
1.5.1.3 Simple sequence repeats (SSR) 
Also called microsatellites, this type of markers was discovered in the early 1980’s 
(Tautz and Renz, 1984), but their use as universal molecular markers for DNA 
fingerprinting was not realized until the mid 1990’s  when PCR and the first automatic DNA 
sequencers were available (Tautz and Schlötterer, 1994). Since then its uses have 
multiplied and for over a decade they were the preferred method of DNA fingerprinting in 
many organisms and even today many studies phylogenetic studies use SSR as their 
preferred markers (Weber and Wong, 1993, Zietkiewicz et al., 1994, Guo et al., 2014, van 
Belkum et al., 1998, Chen et al., 2012, Singh et al., 2011). 
Microsatellites are short sequences composed of tandem repeats of simple or 
complex motifs flanked by relatively well conserved sequences. They occur naturally in the 
genomes of all known organisms and they show remarkable intraspecific polymorphism. 
The difference detected between alleles of a microsatellite is in the number of repeats of 
the motif, which changes the molecular weight of the fragment containing the repeat. 
These markers are codominant and all alleles present in a sample can be equally 
represented. The location of microsatellites in the genome is well conserved in a specie 
and frequently the markers can be transferred from a species to a close relative (Fan et 
al., 2013, Barbara et al., 2007, Satya et al., 2016). 
1.5.1.4 Single nucleotide polymorphism (SNP) 
These are the most abundant type of markers available and their high-throughput 
detection has only recently become possible thanks to the arrival of next generation 
sequencing technologies and array genotyping technologies (Edwards et al., 2013). These 
technologies are able to detect changes in the DNA sequence composition with a 
resolution of a single base and are thus able to detect changes in a single nucleotide in 
several hundred or thousand base pairs of sequence. The abundance of this type of 
markers makes them perfect for the construction of high-density genetic maps (Raman et 
al., 2014, Iehisa et al., 2014), to improve the detection of quantitative trait loci via genome-
wide association studies (GWAS) and genome-wide linkage-disequilibrium analysis 
(Edwards et al., 2013, Batley and Edwards, 2007). 
Chapter 1 Introduction and literature review 
1-23 
 
The development of high quality NGS technologies has made the discovery of SNPs 
a routine task and millions of SNPs can be accurately discovered and genotyped in a 
single experiment (Lai et al., 2015b, Lorenc et al., 2012). However, accurate SNP 
identification faces many challenges. The occurrence of long nearly identical repeats and 
nested repeats can lead to false-positive SNP identification regardless of the discovery 
method used. This is even more problematic for polyploid species where the homeologous 
chromosomes will share a high number of conserved sequences that can confound the 
discovery algorithm (Lorenc et al., 2012). Access to longer reads provided by third 
generation sequencing technologies will help solve the challenges posed by repetitive 
sequences in SNP discovery. Nevertheless, the low base-calling accuracy of current TGS 
technologies keeps them away from such applications. 
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2 Chapter 2 Reassembly of the wheat genome 
2.1 Introduction 
A reference genome is a digital representation of the complete haploid DNA 
sequence of an organism. They are usually organized in large sequences called 
pseudomolecules that show the actual physical order of nucleotides in a chromosome. 
These reference genomes are constructed from small DNA fragments that are sequenced 
independently and then put together into larger contiguous sequences in a process called 
genome assembly. In its essence, the assembly process tries to deduce a consensus 
sequence from a large number of smaller and overlapping sequences. However, this 
deduction is not straightforward, in part due to the large size of genomes compared to the 
smaller fragments (“reads”) that were sequenced and also due to the intrinsic biological 
complexity of genomes which include different types and levels of transposable elements, 
nearly identical repeats spread across the genome and varying levels of heterozygosity. 
On top of these challenges, the assembly process also needs to deal with the erroneous 
nature of DNA sequencing technologies which add an extra layer of complexity. 
A reference genome is a valuable resource for the development and discovery of 
other genomic resources that help improve the efficiency of selection in breeding programs 
by reducing the labour, time and costs needed to maintain and screen large populations 
(Tester and Langridge, 2010). Modest genomic resources have already been used for 
marker assisted selection in several plant and animal species (Collard and Mackill, 2008, 
Xu and Crouch, 2008, Beuzen et al., 2000). Modern genotyping techniques have been 
widely adopted in breeding programs due to their convenience and high throughput. More 
recently, advances in sequencing technology have made whole genome sequencing 
approaches more accessible to the scientific community. These next-generation 
sequencing (NGS) platforms have been used in resequencing efforts to provide data for 
variant discovery and marker development. Furthermore, these NGS technologies are 
being used for genotyping by sequencing (GbS) of large populations ushering in a new era 
of genomic selection where multiple traits can be screened and selected for in a single 
assay (Heffner et al., 2010, Jannink et al., 2010, Heslot et al., 2012, Newell and Jannink, 
2014). Genotyping by sequencing can be applied to species without a reference genome, 
but with a higher false-positive variant discovery rate due to undiscovered nearly identical 
repeats in the target genome. Using a reference genome for genotyping increases the 
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quality of discovered variants and consequently their utility in marker based crop 
improvement (Lorenc et al., 2012, Lai et al., 2015b). Thus, the construction of a reference 
genome is a valuable resource to increase the efficiency of variant discovery, genotyping 
and ultimately selection by means of marker assisted or genomic selection. 
Reference genomes have been produced from individuals of every major clade 
including many plants (CoGePedia, 2017, Ensembl, 2017, Michael and Jackson, 2013). 
These reference genomes are useful because they offer an easier and faster analysis 
pipeline where sequence variations, marker development, gene identification and motif 
discovery can be done quickly and with high accuracy. Several grass genomes have been 
sequenced and assembled so far. The first grass genome ever sequenced was rice (Goff 
et al., 2002, IRGSP, 2005). Its sequence revealed the existence of more than 35,000 
genes many of which had orthologs in other grass genomes and shared syntenic regions. 
The success of the rice genome assembly using the whole genome shotgun approach, 
was followed by the sequencing of other grasses like Sorghum bicolor (Paterson et al., 
2009), Brachypodium dystachion (IBI, 2010), Hordeum vulgare (Mayer et al., 2012) and in 
recent years wheat and its wild relatives (Ling et al., 2013, Jia et al., 2013). These 
sequencing projects revealed that the presence of transposable elements and repeat 
regions is an important factor in genome size variability, but does not necessarily imply 
larger gene content. Gene content is more closely related to the time since the most recent 
genome duplication event. Immediately after a genome duplication event, the new 
polyploid tries to balance the altered gene expression levels caused by the transcription of 
redundant genes and to stabilize gene networks that may have been altered by it through 
a process termed “diploidization” (Clarkson et al., 2005, Conant et al., 2014). The longer 
since the last genome duplication event, the more time the diploidization process has had 
to reduce the number of redundant genes either by gene loss, sub-functionalization or 
neo-functionalization. 
Accurate reconstruction of the wheat genome is an extremely challenging task mainly 
due to the very high content of repetitive elements estimated between 60% - 90% of the 
genome (Smith et al., 1976, Smith and Flavell, 1975, Smith, 1976) and to the presence of 
three homeologous genomes (A, B and D) (Sakamura, 1918) which were brought together 
by two consecutive hybridization events (Sarkar and Stebbins, 1956, Dvořák et al., 1993, 
Peng et al., 2011). Early assessments by different groups concluded that a whole genome 
de novo sequencing of the 17Gb Chinese Spring genome was not feasible given the 
technology and assembly algorithms available at the time (Gill et al., 2004).  Instead, the 
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wheat scientific community decided to focus on exploring the gene coding space using 
different sequencing approaches like methylation filtration (Rabinowicz et al., 1999) and 
C0t-based cloning and sequencing (Peterson et al., 2002). In a series of follow up studies 
evaluating both methods, it became evident that neither was effective enough to drastically 
reduce the content of repetitive elements or to greatly increase gene enrichment. In a 
methylation-filtration essay, Li et al (2014) found little gene enrichment in the filtrated 
fraction and the repeat content remained relatively high between 60-70% and did not offer 
any advantage for wheat genome sequencing (Li et al., 2004). Lamoureux et al. (2005) 
showed that Cot based filtration resulted in higher gene enrichment (14-fold) and repeat 
depletion (3-fold), but such enrichment was still not high enough compared to similar 
essays in maize and rice (Lamoureux et al., 2005). A later study by Šimková et al. (2007) 
combined Cot based cloning and sequencing (CBCS) with chromosome specific genomic 
libraries of chromosome arm 1BS, showed that CBCS was too labour-intensive, time 
consuming and costly to be considered a progressive method in the analysis of large 
genomes (Šimková et al., 2007). The construction of the physical map of chromosome 3B 
using a BAC-by-BAC approach (Paux et al., 2008) was a major milestone and provided 
the proof of concept for the assembly of the wheat genome using a BAC-by-BAC 
approach, which is, to this date, the gold standard and the main objective for the 
International wheat genome sequencing consortium (IWGSC). The assembly of 
orthologous group representatives (OGR) from whole genome 454 shotgun reads, allowed 
the identification of the majority of wheat genes and the characterization of gene loss 
during the formation and evolution of hexaploid wheat. This study showed that there was a 
sharp reduction in the number of genes by comparing the gene family sizes in the 
hexaploid to the same families in their diploid relatives. The level of gene loss observed, 
however, was not as pronounced as that seen in maize and Brassica rapa (Brenchley et 
al., 2012). The development of chromosome-specific BAC resources by the Doležel group 
using flow cytometry of ditelosomic genetic stocks (Šafář et al., 2010) and the subsequent 
assembly of the chromosome arm 7DS from flow-sorted DNA (Berkman et al., 2011b) 
which contained 88.5% of 7DS-mapped cDNA sequences laid the foundations for a 
chromosome-wise approach to sequencing the wheat genome. The successful 
sequencing and assembly of all group 7 chromosome arms (Berkman et al., 2013a) was 
then followed by the release of a chromosome-based draft genome of wheat (Mayer et al., 
2014). 
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More recently, newer versions of the Chinese Spring reference have been released 
using a whole genome shotgun sequencing approach instead of the isolated chromosome 
arms approach. Using deeper sequencing and a combination of multiple libraries with 
different insert sizes TGAC and NRgene have been able to assemble 13 GB and 14.5 Gb 
of the Chinese Spring genome respectively (Kersey et al., 2016, IWGSC, 2016). Although 
detailed descriptions of the assemblies’’ workflows have not been published yet, the TGAC 
assembly has released a draft manuscript of their method (Clavijo et al., 2016), using a 
newly developed genome assembler called w2rap-contigger (BIOINFOLOGICS, 2016) 
based on the Discovar assembler (Weisenfeld et al., 2014, Love et al., 2016) and 
customized to better deal with the repetitive nature of plant genomes. 
In this chapter, a description and analysis of the IWGCS v2 assembly is performed, 
showing that it contains a high level of sequence duplication and gene annotations that are 
not supported by raw read data from isolated chromosome arms. Facing these issues, a 
local de novo reassembly and annotation of the Chinese Spring genome was performed 
using the same public libraries released by the IWGSC, but following a different assembly 
workflow. This new assembly was compared to the IWGSC v2 reference genome and 
found to be larger, to contain more genes and fewer duplicated sequences. The coding 
space of the local reassembly was also assessed for completeness by finding core 
eukaryotic genes and universal single copy orthologs genes where 98% and 97% of both 
datasets could be identified. Gene prediction supported by RNA-seq data, green plant 
ESTs and grass protein sequence homology identified 118,000 gene models in the new 
Chinese Spring reference genome. A comparison with the TGAC v1 Chinese Spring 
reference genome showed that the local assembly was highly collinear to it and contained 
>99% of the genes annotated in it. Furthermore, the local reassembly was able to pinpoint 
miss-assemblies in the TGAC v1 reference. The assembly and annotation of this reference 
genome is the first step in the construction and analysis of a wheat pangenome. 
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2.2 Methods 
2.2.1 Reassembly of the wheat genome  
2.2.1.1 Raw data 
The IWGSC v2 reference genome and transcriptome were downloaded from the 
URGI repository (https://urgi.versailles.inra.fr/download/iwgsc/Survey_sequence/). The 
TGAC v1 wheat reference genome and transcriptome were downloaded from the Ensembl 
Plant genomes ftp (ftp://ftp.ensemblgenomes.org/pub/plants/release-
34/fasta/triticum_aestivum/). 
Chromosome-sorted raw reads were downloaded from the National Centre for 
Biotechnology Information (NCBI) Short read archive (SRA) database. Raw 454 reads 
from whole genome shotgun sequencing of Chinese Spring were also downloaded from 
the SRA database (Appendix 1). RNA-seq data was downloaded from the URGI repository 
(https://urgi.versailles.inra.fr/files/RNASeqWheat/).  
2.2.1.2 Analysis of the IWGSC v2 wheat genome reference 
2.2.1.2.1 Level of sequence duplication 
The level of sequence duplication was assessed by aligning every chromosome arm 
assembly against itself with BlastN v 2.2.30 (Camacho et al., 2009) using standard 
parameters and an e-threshold of 1e-10. Blast results were converted to tabular format and 
filtered based on the following criteria: all Blast alignments where the query and the target 
were the same sequence were removed from analysis; alignments shorter than 1Kb or 
with less than 100% sequence identity were also discarded. The total sequence 
duplication was calculated by adding the total length of high scoring pairs (HSP) remaining 
after filtering and dividing it by two to compensate for reciprocal alignments (alignments 
where query and target sequences switched positions). 
2.2.1.2.2 Gene content 
The sequences of the high confidence gene predictions from the IWGSC v2 
annotation were extracted from the genome assembly with the faidx module of the 
Samtools package (Li et al., 2009a) to obtain the unspliced transcripts and these were 
used as a reference for the mapping of raw reads from the isolated chromosome arms 
where they were annotated. Bowtie2 v 2.2.1 (Langmead and Salzberg, 2012) was used for 
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the alignment of the raw reads with standard parameters. Genes with no reads mapping to 
them were considered unsupported. 
2.2.1.3 De novo assembly 
The quality of the raw reads was assessed using FastQC (Andrews) with k=7. Clonal 
reads were removed using an in-house script (remove_clones.pl), quality trimming and 
adapter clipping was performed using Trimmomatic (Bolger et al., 2014). All sequences 
shorter than 73 bp were removed. Velvet (Zerbino and Birney, 2008, Seemann, 2012) was 
used for assembly using a kmer size of 71 for all chromosome arms except group 7 
chromosome arms which had been previously assembled using k=63 (Berkman et al., 
2013a) and 3B which was not sequenced by the IWGSC. 
2.2.2 Assessment of assembly quality 
2.2.2.1 Horizontal and Vertical coverage 
Pre-processed reads from each of the isolated chromosome arms were mapped back 
to the local reassembly using Bowtie2 v 2.2.1 (Langmead and Salzberg, 2012). Also, 
whole genome shotgun 454 reads were downloaded from NCBI’s sequence read archive 
(SRA) and mapped to the whole wheat genome local assembly. Unfiltered alignments 
were then used to calculate per base coverage with Samtools (Li et al., 2009a) and the 
package Sushi (Phanstiel et al., 2014) was used to generate coverage plots. The expected 
coverage was calculated based on the flow cytometry estimation of each chromosome and 
the number of reads aligned to the reference. The ratio observed/expected coverage was 
determined. 
2.2.2.2 Gene content 
Blast+ v 2.2.30 was used to align high confidence gene models from the IWGSC 
genome annotation to the local reassembly with a maximum e-value of 1e-5. The genes 
from the IWGSC were organized in two groups: 1) found and 2) missing. Both groups were 
further characterized and compared based on length, GC-content, average intron length 
and number of exons per gene Kb using R (R Core Team, 2014). 
2.2.2.3 Assembly completeness 
CEGMA (Parra et al., 2007) was used to assess the completeness of both the 
IWGSC and the local reassembly with standard parameters. The search was performed 
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chromosome by chromosome and the results were later combined to produce an overall 
output for the IWGSC and the local reassembly. Also, BUSCO (Simão et al., 2015) was 
used to determine the presence of universal single copy orthologs in the local assembly 
annotation using the gene protein sequences for comparisons with the embryophyta odb9 
database downloaded from the Busco web page (http://busco.ezlab.org/). 
2.2.2.4 Comparison with IWGSC v2 assembly 
The wheat published reference genome was downloaded from the URGI repository 
(https://urgi.versailles.inra.fr/download/iwgsc/Survey_sequence/). Assembly statistics 
(N50, average length, gene content, sequence duplication, completeness) were calculated 
as described for the local assembly. Additionally, a subset of gene models was evaluated 
for gene size, GC content and average intron length. 
2.2.2.5 Comparison with TGAC v1 assembly 
Gene models were aligned to the local assembly with nucleotide Blast+ v 2.2.30 and 
significant alignments (E ≤ 1e-5, length ≥ 100, and similarity ≥ 99%) were considered valid. 
Collinearity was measured by aligning the local assembly to the 100 largest scaffolds of 
the TGAC v1 assembly. First, nucleotide Blast+ v2.2.30 was used to identify the local 
contigs with highest sequence similarity to the 100 largest TGAC v1 scaffolds. Then the 
candidate sequences were extracted and realigned using Mummer 3.0 (Delcher et al., 
2002). 
2.2.3 Genome annotation 
RNA-seq reads produced by the IWGSC were downloaded from the URGI repository 
(Appendix I) and mapped to the newly assembled wheat genome using TopHat2 (Kim et 
al., 2013) with standard parameters. RepeatMasker (Smit, 2013-2015) was used on the 
reassembled genome using the repeat consensus library version 20150807 downloaded 
from RepBase (Jurka et al., 2005) on March 2016. In parallel, Augustus (Stanke and 
Morgenstern, 2005) was used to predict gene models using external hints obtained from 
the RNA-seq alignments produced by TopHat2 (Kim et al., 2013, Trapnell et al., 2009). 
Predicted gene models were first filtered by size (≥ 300bp). To further filter the gene set, 
gene annotations were intersected with the RNA-seq alignments and repeat-masked 
region of the genome using Bedops v 2.4.15 (Neph et al., 2012). Genes with no support 
from RNA-seq alignments or overlapping masked regions were not considered for further 
analysis. 
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The selected genes were aligned to a dataset of transposable elements-related 
proteins with NCBI Blast plus (Camacho et al., 2009). Genes with significant alignments (E 
≤ 1e-5) to TE-related proteins were discarded from the final dataset. Finally, the remaining 
genes were also aligned to the proteomes of Brachypodium dystachion, Aegilops tauschii 
and Triticum Urartu using BlastP. Wheat genes were considered split and were later 
considered as one if they filled three criteria: 1) both genes were aligned to the same 
protein, 2) neither alignment was completely contained in the other alignment and 3) all 
genes were annotated in the same chromosome arm. 
2.3 Results 
2.3.1 Analysis of the IWGSC v2 wheat genome reference 
In order to use a reference wheat genome as the base for the reconstruction of the 
wheat pangenome it was important to make sure it contains as large a fraction of the 
Chinese Spring genome as possible. First, the raw reads of the isolated chromosome 
arms were mapped to the sequences of the raw transcripts and 99 genes were not 
supported by any read (Figure 2-8). Unsupported genes were found in 17 chromosome 
arms and ranged from 25 unsupported genes in chromosome arm 2DL to 1 gene in 
chromosome arms 4DS, 2BS and 1AS. 
Figure 2-1 Number of unsupported genes per chromosome arms. Predicted genes in the 
IWGSC reference genome to which no raw reads could be mapped were considered 
unsupported. In total 99 genes were not supported by any read 
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Additionally, the level of sequence duplication per chromosome arm was measured 
to ensure that each assembly contained either unique sequences or collapsed repeats as 
expected from deBruijn graph-based assemblies. The results showed that nearly 7% of the 
IWGSC assembly consisted of identical repeats of 1Kb or larger and some chromosome 
arms contain over 40% of their total assembly length as duplicated sequences. 
 
2.3.2 De novo assemblies 
Preliminary tests to define the best sequencing approach were performed on 
chromosome arm 1DS and the results were compared based on the assembly metrics. 
Kmer sizes from 61-101 were tested and it was found that K=71 showed the best N50 
metrics, which reflects contiguity, and the largest assembly length. Based on those 
preliminary results, chromosome arms from homeologous groups 1 to 6 of hexaploid 
wheat (Triticum aestivum) cv. Chinese Spring were assembled using the selected kmer 
size (k=71). Along with the previous assembly of group 7 chromosome arms (Berkman et 
al., 2013a) and chromosome 3B (Paux et al., 2006) this produced a complete assembly of 
the wheat genome with a size of 10.7Gb or 67.6% of the size estimated by flow cytometry 
(17Gb). The average N50 per chromosome arm is 1128 bp and the average number of 
contigs per chromosome arm is 500,000 (Table 2-1). 
 
Table 2-1. Metrics of the reassembled chromosome arms. The assemblies were 
performed using Velvet with a kmer size of 71. The average N50 per chromosome is 
1,128 bp and the length of their largest contigs is 20 Kbp. 
Chromosome 
Arm 
Total 
bases 
Avg size N50 
Biggest 
Contig 
1AL 445579452 346.857 319 21087 
1AS 163387547 540.249 722 18962 
1BL 465163099 434.370 479 22755 
1BS 226719066 451.332 504 21604 
1DL 284989697 322.872 300 7732 
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1DS 128838171 855.715 2443 45844 
2AL 306895321 433.166 451 31709 
2AS 278022451 416.272 421 23210 
2BL 345083249 493.620 591 21016 
2BS 318310217 906.993 2803 67657 
2DL 212991684 519.075 655 15886 
2DS 169562057 577.496 825 15850 
3AL 216906018 538.818 694 13810 
3AS 177915899 512.939 632 11756 
3DL 442156102 396.303 405 16414 
3DS 221006526 351.995 331 9175 
4AL 343235154 447.318 486 36577 
4AS 259037864 448.121 490 29018 
4BL 217840717 652.608 1132 22338 
4BS 306613646 474.660 540 28632 
4DL 292358514 654.402 1035 49582 
4DS 130037318 658.267 1191 33545 
5AL 277214147 400.895 391 15105 
5AS 186149024 555.840 771 17023 
5BL 416526338 749.257 1696 59021 
5BS 171830241 917.759 2150 29280 
5DL 533659458 335.088 307 13345 
5DS 140586497 441.125 470 16894 
6AL 211206811 607.536 926 20528 
6AS 194886487 459.829 497 27709 
6BL 432415963 439.674 481 15671 
6BS 496350206 436.214 484 19329 
6DL 200926319 421.622 421 20837 
6DS 127176870 580.351 847 16244 
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2.3.3 Quality assessment of the reassembly 
2.3.3.1 Horizontal and vertical coverage 
The pre-processed reads used in the genome reassembly were mapped back to the 
local assembly to determine the horizontal and vertical coverage of the assembly. The 
average mapping efficiency was 90%, which suggests that 90% of the sequence present 
in the raw data is also represented in the assembly. The reads covered 100% of the bases 
assembled with an average coverage that ranged from 40X to 400X (Figure 2-2). 
Interestingly, the average coverage was 1.5 fold higher than expected based on the 
expected chromosome sizes (Šafář et al., 2010). The vertical coverage does not appear to 
be homogeneous with a notorious difference around 375 Mbp which corresponds to the 
joining point between the 1DL and 1DS assemblies (Figure 2-2). Also, whole genome 
shotgun single end reads sequenced using 454 technology (Brenchley et al., 2012) were 
mapped to the local assembly. The sequencing depth was 5X (85Gb) based on a genome 
size of 17Gb. The average mapping efficiency was 51.5% for the 137 libraries and resulted 
in an average vertical coverage of 2X. Approximately 30% of the genome was not covered 
by reads from this subset. 
2.3.3.2 Completeness of the genome 
In order to evaluate the completeness of the wheat genome assembly, plant core 
eukaryotic genes (CEG) were searched in a chromosome wise fashion. Taken together, 
245 of the 248 CEGs evaluated (98.8%) were found as either partial or complete genes 
(Figure 2-3). Similarly, search of universal single copy orthologous genes (USCOs) 
reported the presence of 98.2% of plant USCOs (72% complete and 25% partial) and only 
1.8% of missing genes (Figure 2-4). 
 
 
 
 
 
 
Chapter 2 Reassembly of the wheat genome 
2-35 
 
 
Figure 2-2. Comparison of vertical and horizontal coverage of chromosome 1D. A) Whole 
genome shotgun reads produced by 454 sequencing. B) Chromosome sorted reads 
produced by Illumina sequencing 
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Figure 2-3. Comparison of eukaryotic gene content. CEGMA was used to determine the 
presence of complete, partial or missing core eukaryotic genes in both wheat assemblies. 
A) IWGSC v2; B) local reassembly. In total the local reassembly (Australian assembly) 
contained two more CEGs than the IWGSC v2. 
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Figure 2-4. Presence of universal single copy orthologs in the local reassembly. BUSCO 
was used to determine the presence or absence of consensus gene models from the 
embryophyta odb9 database. Only 2% of the USCOs could not be found in the local 
reassembly. 
 
 
2.3.3.3 Comparison with IWGSC v2 
Overall, the local assembly of the wheat genome is larger and more complete than 
the public reference (Figure 2-3 and Figure 2-5). In some cases including 1AL, 1BL, 3DL 
and 3DS, the fraction assembled is larger than that of the IWGSC reference. Chromosome 
arms 6BS and 5DL showed an assembly size larger than that estimated by flow cytometry 
(Safar et al., 2010).  
The N50 and total number of contigs were compared between the local assembly 
and version 2 of the IWGSC (Figure 2-6 and Figure 2-7). Both figures highlight the 
fragmented nature of our assembly compared to the public reference. On the other hand, 
the local assembly shows very low levels of sequence duplication (0.04%) compared to 
the IWGSC reference (7%) which in some cases exceeds 40% of intrachromosomal 
duplications (Figure 2-8). The presence of high levels of sequence duplication in the 
IWGSC public reference is likely to be an artefact created by the use of the parallel 
deBruijn graph assembler, AbySS (Simpson et al., 2009). 
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Figure 2-5. Comparison of total assembly length between the local reassembly and the IWGSC v2. Overall the local reassembly contains a 
larger fraction of the Chinese Spring genome. The local reassembly is represented by the red bars and the IWGSC v2 assembly by the blue 
bars. 
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Figure 2-6. Comparison of N50 metrics between the IWGSC v2 assembly and the local reassembly. Overall, the local reassembly had 
smaller N50 values, suggesting a more fragmented assembly. IWGSC v2 assembly is represented by blue bars and the local reassembly by 
red 
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Figure 2-7. Comparison of the total number of contigs per chromosome arm. Overall, the IWGSC 2 assembly contained fewer contigs with 
the exceptions of 2DL and 4DL. (Blue bars: IWGSC v2, red bars: local reassembly) 
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Figure 2-8. Comparison of the level of sequence duplication between the IWGSC v2 and the local reassembly. The local reassembly 
showed much lower levels of sequence duplication (0.004%) compared to the IWGSC v2 (7%). For some chromosome arms, the level of 
sequence duplication was close to 40% of the toal assembly size in the IWGSC v2 (4AL and 4AS), whereas for the rest the average 
duplication was 2% of the total assebmly size. 
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To compare the biological content of both assemblies, 93,525 high confidence gene 
models from the public reference were mapped to the local assembly. This subset of 
genes excludes those from chromosome 3B which was not assembled in this study and 
therefore cannot be compared. As shown in Figure 2-9, 2173 gene models could not be 
found in our assembly. Further characterization of the missing genes showed that they are 
generally much smaller, showed a higher GC content and contained smaller introns than 
the rest of genes which suggests that these are in fact pseudogenes (Figure 2-10, Figure 
2-11 and Figure 2-12). 
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Figure 2-9. Distribution of genes annotated in the IWGSC v2 assembly and absent in the local reassembly. All gene models from the 
IWGSC v2 reference were aligned to the local reassembly in a chromosome-wise fashion. Genes with no significant alignments were 
considered missing and further characterized. 
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Figure 2-10. Boxplot of gene size distribution in two sets of genes: Missing, were those 
that could not be found in the local reassembly; Found, all other genes with a significant 
alignment in the local reassembly. The set of all genes was added as a reference. The 
genes in the Missing group were significantly smaller than their counterparts. 
 
 
 
 
 
Chapter 2 Reassembly of the wheat genome 
2-45 
 
 
 
Figure 2-11. Comparison of GC content between 3 groups of genes: Missing greater 
than 600 bp, Missing and Found. The first group was assessed separate of the total 
missing genes, due to their closeness in size to the Found group in Figure 10. There is a 
significant difference in the GC content between both groups of missing genes and the 
group of genes found. 
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Figure 2-12. Comparison of average intron lengths. Three groups were compared: 
Missing greater than 600bp, Missing and Found. The complete gene set is added as 
reference. There is a significant difference between the values in the groups of missing 
genes compared to those found in the set of Found genes. 
 
 
2.3.3.4 Comparison with the TGAC v1 Chinese Spring reference and the local reassembly 
Collinearity between the local assembly and the TGAC assembly was evaluated by 
aligning the largest 100 scaffolds of the TGAC assembly to the local assembly. The results 
show that both assemblies are highly collinear with more than 99% sequence identity and 
more than 99% of each contig of the local reassembly being completely contained within 
one scaffold of the TGAC assembly (Figure 2-13). The TGAC scaffolds that had been 
assigned to a chromosome arm were preferentially aligned to contigs assembled in the 
same chromosome arm (Figure 2-13 and Figure 2-14). 
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Figure 2-13. Alignment of contigs from the local reassembly to a single scaffold of the 
TGAC v1 assembly. The alignments are shown as red lines delimited by red dots. There 
is one continuous alignment per contig. The scaffold had been placed in the 1AS 
chromosome arm and only contigs from chromosome arm 1AS were aligned to it. Some 
regions of the TGAC scaffold are not represented in the local reassembly and therefore 
are shown as gaps in the figure. 
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Figure 2-14. Alignment of contigs from the local reassembly to a scaffold from the TGAC 
v1 assembly placed in chromosome arm 1BL. As in Figure 13, only contigs from 
chromosme arm 1BL were aligned to this scaffold, showing concordance in the position 
assigned within the genome. Similarly, every contig was completely contained in the 
sequence of the TGAC scaffold and no two contigs overlapped each other. There is a 
significant gap in the initial 270 Kbp of the TGAC scaffold that corresponds to sequences 
that were not present in the local reassembly. 
 
 
In some cases, TGAC scaffolds that had not been assigned to a position in the 
reference genome were aligned to two different sets of contigs from different chromosome 
arms. As shown in Figure 2-15, an unassigned scaffold was aligned to contigs from 
chromosome arms 6BS and 1BL. The alignments clearly highlight the position of the 
missassembly with an apparent small overlapping between contigs from the different 
chromosome arms near the middle of the scaffold. 
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Figure 2-15. Missassembly in the TGAC assembly detected by the differential 
enrichment of contigs from different chromosome arms to different loci of the TGAC 
scaffold. Contigs from chromosome arm 1BL are preferentially aligned to the 5’ end of the 
scaffold, whereas the 3’ end is aligned to contigs from chromosome arm 6BS. 
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To compare the gene space of both assemblies, 155,080 protein coding gene 
models from the TGAC wheat genome assembly were aligned to the local assembly. In 
total, 151,040 genes (97.4%) were found in the local assembly. On average, every gene 
was found in 2.69 chromosome arms in the local assembly. In a single chromosome arm, 
the number of contigs aligned to any gene ranged from 1 to 10 and the non-overlapping 
alignments per gene ranged from 1 to 4 contigs. 
2.3.4 Gene Annotation 
Gene annotation was performed using all available expression data including RNA-
seq produced by the IWGSC, flcDNAs and public EST data. RNA-seq data was mapped to 
the local wheat assembly with a mean efficiency of 75%. The accepted alignments were 
used to inform the prediction software about the presence and location of CDS features 
and exon-intron junctions. Green plant ESTs, wheat flcDNA and proteins were used as 
external evidence for the validation of the annotations. After filtering out genes predicted in 
repeat masked regions, genes with high similarity to TE-related proteins and genes without 
any external support (RNA-seq, EST sequence similarity, flcDNA alignment or protein 
similarity) a total of 139,246 genes were kept in the final annotation. The average gene 
size was 985 bp with an average of 2.6 exons per gene (Figure 2-16). 
Closer comparison of the peptide sequences of the local gene models and the 
proteins encoded by close relatives (T. urartu, B. distachyon and Ae. tauschii) revealed 
that many of the putative genes in the local assembly were in fact smaller pieces of larger 
genes that had been annotated separately because they were in different contigs. In total, 
35,339 putative genes were merged into 14,556 merged genes based on their alignments 
to T. urartu protein dataset to produce a final gene number of 118,463 of which 14,556 
(12.3%) are split across different contigs. 
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Figure 2-16. Example of the annotation of the local assembly of the Chinese Spring genome. The graph shows pseudochromosome 1A as 
the first track, followed by the region selected delimited by a pink shadow. The following racks contain the genes annotated, their presence-
absence status in 19 elite wheat cultivars and the position of homozygous intervarietal SNPs. This image was extracted from the wheat 
pangenome gbrowse (http://appliedbioinformatics.com.au/cgi-bin/gb2/gbrowse/WheatPan/). 
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2.4 Discussion 
2.4.1 De novo assemblies 
In this chapter, the IWGSC v2 Chinese Spring reference genome was evaluated to 
assess its usefulness as the basis for the construction of a wheat pangenome. Initial 
analysis showed that 99 genes that had been annotated in the IWGSC v2 assembly were 
not actually supported by raw read data from the chromosome arms where they had been 
found. This raised questions about the accuracy of the genome assembly and annotation. 
Secondly, the level of sequence duplication was measured by aligning each chromosome 
arm assembly to itself. The results showed that a large part of the assemblies contained 
long duplicated sequences of 1Kb or more which is unlikely to occur given the assembly 
methodology and raw sequence data used for assembly.  
DeBruijn assemblers like Velvet (Zerbino and Birney, 2008, Zerbino et al., 2009) or 
ABySS (Simpson et al., 2009) build an assembly graph based on a fixed kmer-size, 
therefore, early deBruijn assemblers lost information about kmers in paired-end reads and 
were limited to solve repeats that were smaller than the kmer size selected (Li et al., 2010, 
Zerbino and Birney, 2008). Extensions to these initial algorithms managed to preserve the 
connections between kmers of paired reads, but these improvements offered little help for 
solving repeats longer than the template size of the paired-end libraries (Simpson et al., 
2009, Zerbino and Birney, 2008).  
Although the use of longer insert size libraries like mate-pair libraries, offer a way to 
offset the limitations of small insert size libraries, these were not used in the original 
IWGSC v2 assembly (Mayer et al., 2014). The average insert size of the libraries used 
was 500 bp and any repeat longer than that would have been difficult to solve if at all 
possible and the repeats would have collapsed into high coverage repeat contigs whose 
ends could not be uniquely identified. The presence of large identical sequences within a 
single chromosome arm assembly suggests that, at some point in the assembly, unsolved 
repeats were split rather than collapsed and these artificially increased the total assembly 
size while providing little novel information about the physical map itself.  
Given these results, the decision was made to reassemble the Chinese Spring 
genome using publicly available reads from the flow-sorted chromosome arms produced 
by the IWGSC. The protocol used for assembly was different from the one used by the 
IWGSC but similar to that used successfully (Berkman et al., 2011b, Berkman et al., 
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2012a, Berkman et al., 2013a) in the assembly of group 7 chromosome arms. Preliminary 
tests, to select the most adequate pre-processing steps and kmer size for assembly, were 
performed on chromosome arm 1DS due to its smaller size. Removal of vector leftovers 
and low quality stretches resulted in more contiguous assemblies with metrics similar to 
those obtained with similar approaches. Kmer sizes from 61 to 101 were tested and N50 
metrics were compared. For chromosome arm 1DS, the longest N50 metric was obtained 
with a kmer size of 71. This assembly configuration produced metrics similar to those 
obtained by Berkman et al (2013) in the assembly and analysis of homeologous group 7. 
In that study, the author used a kmer size of 68 and obtained average N50 values of 2Kb 
and contigs as long as 50Kb per chromosome arm. Furthermore, the assemblies 
contained all or nearly all genes expected to be present in these chromosomes (Berkman 
et al., 2013a). Based on these results, kmer size of 71 was selected for assembly of all 
other chromosome arms.  
The N50 metrics of other chromosome arms were not as large as the one obtained 
for 1DS (Figure 2-6) and the average number of contigs per chromosome arm were also 
higher than that obtained for 1DS (Figure 2-7). High N50 values are not necessarily good 
predictors of gene content and smaller N50 can still contain a larger fraction of the genes 
present in the genome (Bradnam et al., 2013a). Furthermore, by forcing larger N50 upon 
an assembly the number of missassemblies tend to increase (Hunt et al., 2013, Salzberg 
and Yorke, 2005). These missassemblies are usually caused by repeats in the target 
genome and should be of particular concern in genomes as repetitive as wheat (Salzberg 
and Yorke, 2005). 
Assessment of the assembly size showed that it was equivalent to two thirds of the 
expected genome size (10.7 Gb, 67.6%) comprised mostly by unique sequences. In 
contrast, the IWGSC reference has a total length equivalent to 60% of the expected 
genome size (9.5Gb) and with a high amount of long duplicated sequences. Similarly, the 
assembly of group 7 chromosome arms resulted in assemblies with an average length 
equivalent to 63% of the expected size (Berkman et al., 2013a, Sehgal et al., 2012). The 
missing 32% may have collapsed into repetitive contigs and remains hidden from the 
typical assembly metrics. Having 32% of the genome as collapsed contigs suggests that at 
least 64% of the genome is repetitive sequence of 500 bp or longer that could not be 
solved by the data used during the assembly. These results are similar to early DNA 
renaturation studies on wheat where it was estimated that around 70% of the genome was 
composed of repetitive sequence of rapid reassociation kinetics (Smith, 1976).  
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2.4.2 Assessment of the genome assembly 
2.4.2.1 Horizontal and vertical coverage 
Pre-processed reads from each chromosome arm were mapped back to its specific 
chromosome arm assembly to assess the horizontal and vertical coverages of the 
assembly. De novo assemblies of short reads into full genomes are prone to 
missassemblies generated either by the nature of the genome sequence itself (repeats) or 
by unfiltered contamination during DNA extraction or library preparation. An example of 
both was reported by Ruperao et al. (2014) who found missassemblies in both chickpea 
reference genomes (desi and Kabuli genotypes) and large regions of the desi genome that 
were not present in either whole genome shotgun read data nor in chromosome isolated 
read data, suggesting that these were not really part of the desi physical map (Ruperao et 
al., 2014). Their results suggest that the missing sequences could be an artefact produced 
by the assembly method used or by unfiltered contamination that remained after library 
preparation. External contamination is usually not an issue in chromosome sorted libraries 
(Šafář et al., 2010) and interchromosomal contamination has been reported to have no 
discernible effect on the construction of physical maps in rye (Šafář et al., 2010, Bartos et 
al., 2008). 
The mapping efficiency observed for the pre-processed data suggests that 90% of 
the sequence contained in the reads is present in the assembly. Nevertheless, the local 
assembly size (10.7Gb) represents two thirds of the estimated genome size. Assuming a 
uniform read sampling of each chromosome arm and no bias in their isolation prior to 
library preparation, we can assume that at least part of the 10% of reads that did not map 
to the local assembly, represent the fraction of the wheat genome that was discarded due 
to their small contig size (<200 bp). Also, the ratio between expected and real coverage 
suggests that part of the assembly has a higher than expected coverage as would happen 
with contigs that represent collapsed repeats. The average ratio of 1.4 suggests that at 
least 40 percent of the genome sequence is found on collapsed contigs in the local 
assembly. 
Additionally, whole genome shotgun raw 454 single end reads were mapped to the 
local assembly and the coverage was assessed. The 454 sequencing technology is known 
to contain a high number of insertions and deletions, particularly in long homopolymer 
stretches (Huse et al., 2007, Archer et al., 2012). By mapping raw reads directly to the 
reference genome, a greater portion of the reads will not map due to the high number of 
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sequencing errors that were neither trimmed nor corrected. As a consequence, the 
mapping efficiency drops sharply as is evident from the mapping efficiency observed for 
this data (50%) with an average vertical coverage of 2X. The same data produced a 
horizontal coverage of 70%, which means that 30% of the assembly was not contained in 
the 454 reads. The large unmapped fraction of the reference cannot be explained by 
random error in the sampling process which would be 13.5% based on the Lander-
Waterman model (Lander and Waterman, 1988). 
In Figure 2-2 a non-homogeneous vertical distribution can be observed along 
chromosome 1D. Two regions can be observed using both datasets (454 reads and 
Illumina reads) around position 375 Mbp. Interestingly this position coincides with the 
merging point of the two assemblies 1DL and 1DS. The marked difference between both 
regions could be attributed to a higher number of collapsed repeats in the 1DS assembly 
than in the 1DL assembly. This is supported by the level of compression of the 1DS 
assembly compared to the 1DL. Despite the fact that both assemblies show no significant 
number of genes missing (Figure 2-9, 1 gene missing in 1DL and 0 missing in 1DS), the 
total assembly size of chromosome 1DS represents only 57% of the expected size (Šafář 
et al., 2010), whereas the 1DL assembly represents 75% of the expected size for this 
chromosome arm. This suggests that chromosome arm 1DS assembly is more 
compressed than the 1DL without losing any of the genes expected to be in the assembly. 
This compression may be related to the total content of repetitive sequence. Another 
source of evidence comes from the comparison of the total fraction of duplicated 
sequences in the IWGSC assembly between the 1DS and 1DL arms (Figure 2-8) which 
shows that in 1DS 6.4% of the assembly was duplicated, whereas only 2.0% was 
duplicated in chromosome arm 1DL. Taken together, these results explain the unusual 
vertical distribution observed between the two chromosome arms of 1D. 
2.4.2.2 Core eukaryotic genes 
A reliable method to assess the usefulness and completeness of a de novo assembly 
is the assessment of the number of functional genes found in it (Bradnam et al., 2013a). 
As estimates of the total gene content in the wheat genome vary greatly (Brenchley et al., 
2012b, Choulet et al., 2010), the presence of core eukaryotic genes (CEGs) can be used 
as an estimate of the completeness of the assembly due to its high correlation with the 
total fraction of genes present (Parra et al., 2009). Core eukaryotic genes are a collection 
of 548 genes that are conserved in the genomes of most known eukaryotic organisms. 
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The Assemblathon paper recommended its use to assess the completeness of de novo 
assemblies in the absence of external validation sources or as a complement to those 
external validation procedures (Bradnam et al., 2013a). The authors of CEGMA (Bradnam 
et al., 2013b) have made available a subset of 248 CEGs specific for plant genomes which 
was screened against the local assembly. The results showed that 245 (98.7%) CEGs 
were present while 33 (13%) of these genes were incomplete or truncated (Figure 2-3). 
The fact that 13% of the genes were found as partial alignments is probably a 
consequence of the fragmented nature of the assembly. This result confirms that the local 
wheat genome assembly contains most of the genes that are expected to be in the wheat 
genome. A complete annotation of the local assembly is discussed later in this chapter. 
A different subset of conserved genes found in plants was generated by Simão et al 
(2015) and they propose that this subset is a better predictor of gene repertoire 
completeness than the core eukaryotic gene approach (Simão et al., 2015). The BUSCO 
plant database was screened against the peptide sequence of the final gene annotation 
and found 98% of the genes as either complete or partial matches. This result is in 
agreement with the previous CEGMA results which found 98.7% of all plant CEGs present 
in the local wheat assembly. A difference between these two results is the proportion of 
partial or incomplete gene matches they found, whereas CEGMA found 13% of incomplete 
genes, BUSCO classified 26% of the genes as partial matches. Further comparison of the 
gene annotation to other grass proteomes show that 35,339 putative genes could be 
merged into 14,556 genes based on their non-overlapping alignments to the same T. 
urartu proteins, thus supporting the results obtained from CEGMA.  
It is possible that these split genes were the result of unsolved repeats present in 
intronic sequences which kept both ends of the gene in separate contigs as is evident from 
the 14% of genes that were split. This unsolvable intronic repeats could be common in 
gene clusters along the wheat genome. Ancient whole genome duplications and direct 
gene duplications are known to be common in the evolutionary history of angiosperms 
(Wang et al., 2012). In Arabidopsis thaliana, it has been shown that genes involved in 
regulations pathways are preferentially retained after duplication (Freeling, 2009).  
Furthermore direct gene duplications comprise more than 10% of all Arabidopsis and rice 
genes (Rizzon et al., 2006) which is consistent with the hypothesis that tademly arrayed 
genes are the main driver behind split genes in the wheat annotation. 
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2.4.2.3 Comparison with the IWGSC v2 published reference 
2.4.2.3.1 Comparison of assembly metrics 
Comparison between the public IWGSC v2 assembly and the local assembly showed 
that the new assembly contained a larger fraction of the wheat genome sequence with 
much lower duplication levels (Figure 2-5 and Figure 2-8). DeBruijn graph assemblers 
cannot solve repeats longer than the insert size of the paired-end reads used in the 
assembly (Zerbino and Birney, 2008), these repeats are merged into a single node in the 
graph and then are collapsed into single contigs in the final assembly. Some protocols add 
an extra step of using paired-end or mate-pair data to bridge long repeats and produce 
scaffolds, but this approach is limited by the insert size of the libraries produced and any 
repeat longer than the insert size of the libraries cannot be bridge using this approach. The 
libraries used by the IWGSC were paired-end reads with an average insert size between 
300 and 500 bp and no mate-pair libraries were included. 
This raw data makes it unlikely to produce contigs of 1Kb or longer with identical 
sequence in a single chromosome arm. But, as shown in Figure 2-8, some chromosome 
arms contained over 30% of their sequence as identical duplications of 1kb or longer. In 
contrast, the local assembly contained very little sequence duplication with a maximum of 
0.02% of the total assembly size of chromosome arms 7BS and 5BL. Overall, 7% of the 
total IWGSC assembly were sequence duplications of 1Kb or longer, whereas only 
0.004% of the local assembly were duplications. The de novo assembler used by the 
IWGSC was AbySS (Simpson et al., 2009) which can take advantage of multiple cores to 
speed up the assembly process and may be responsible for the occurrence of high levels 
of sequence duplications. By solving the nodes in parallel, it is possible that the same 
node is solved by separate processes which fail to communicate and cause the assembler 
to produce separate contigs with the same sequence. 
In order to ensure that all coding sequences predicted to be in the IWGSC assembly 
were also present in the local assembly, we extracted the gene sequences from the 
IWGSC reference and aligned them to the local assembly. We found 97.7% (91,352) of all 
the genes and further characterized 2172 genes that were not found in the local assembly. 
We assessed their length, GC content and intron lengths and discovered that these genes 
were smaller, had a higher GC content and contained either no introns or very small ones 
compared to the rest of genes (Figure 2-10, Figure 2-11 and Figure 2-12). These 
Chapter 2 Reassembly of the wheat genome 
2-58 
 
characteristics set them apart from all other genes and support the idea that these could 
be truncated copies of other functional genes and not real ones.  
2.4.2.3.2 Comparison of gene content 
The presence of core eukaryotic genes (CEGs) in a new genome assembly is an 
important clue to determine the level of completeness of such assembly in the absence of 
other external evidence like RNA-seq, ESTs or flcDNAs (Bradnam et al., 2013a). As 
expected, the local assembly contained a higher proportion of CEGs than the IWGSC v2 
assembly, but also a higher number of partial matches. This suggests that a higher 
number of the genes present in the assembly are split across different contigs. This was 
later confirmed by aligning the protein sequences of the genes annotated in the local 
assembly to the proteins of the T. urartu, B distachyon and Ae. tauschii genomes. 
The number of universal single copy orthologous genes found in the local wheat 
assembly confirmed that 98% of them are present and around 25% were partial or 
incomplete. Similarly, around 25% of the CEGs found in the local assembly were found to 
be partial alignments. Alignments to the proteomes of close relatives revealed that 35K 
genes of the 139K annotated (25%) could be merged into larger genes.  
The IWGSC used these assemblies along with a comprehensive set of RNA-seq 
libraries to predict gene models using the MIPS methodology. This resulted in nearly 100 
thousand high-confidence gene models which have been used to predict the accuracy of 
our own assemblies. The DNA sequence of the IWGSC genes was aligned to the local 
assembly and 97.7% of the genes were found in our assembly. The remaining 2172 genes 
that could not be found were further analysed and found to be shorter, with higher GC 
content and fewer and shorter introns genes (Figure 2-10, Figure 2-11 and Figure 2-12). 
These results suggest that these genes are not actually active genes, but pseudogenes 
without activity. 
These results confirm that the local assembly is an improvement on the IWGSC v2 
reference wheat genome because it captured a higher proportion of the wheat genome, 
has less duplicated regions and contains more plant core eukaryotic genes. 
2.4.2.3.3 Comparison with the TGAC v1 assembly 
More recently, a new version of the wheat genome assembly cv. Chinese Spring was 
announced and made publicly available in Ensembl plants (Kersey et al., 2016). This 
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assembly was produced from whole genome shotgun reads of 250 bp paired end Illumina 
reads and a combination of mate-pair libraries with different insert sizes for scaffolding. 
The libraries have not been made publicly available, but the final assembly and annotation 
are available for download from the Ensembl plants web site 
(http://plants.ensembl.org/Triticum_aestivum/Info/Index). 
In the early 2000s, it was considered infeasible to reconstruct the wheat genome 
physical map from whole genome shotgun reads (Gill et al., 2004) due to its high content 
of repetitive sequence distributed along the entire genome. Those estimates were correct 
given the sequencing technology and assembly algorithms available at the time. However, 
recent advances in the chemistry of Illumina sequencing machines and in the de novo 
assembly algorithms (Vyahhi et al., 2012, Boža et al., 2014) have made it possible to 
tackle large and complex genomes like wheat using whole genome shotgun reads. The 
assembly was performed using the w2rapcontigger assembler which is a modification of 
the Discovar assembly (Weisenfeld et al., 2014) and was specifically designed for 250 bp 
paired-end libraries and uses two stages of assembly first with a fixed kmer size and then 
with a range of kmer sizes starting with 200 bp to avoid collapsing nearly identical repeats 
that could be true heterozygous sequences in complex genomes (BIOINFOLOGICS, 
2016). TGAC assembled over 13.4 Gbp of sequence (78.8%) of the wheat genome in 
scaffolds 500 bp or larger. 
Similar assembly statistics were reported by the NRgene company in association with 
the IWGSC using the trademarked de novo assembler De novoMagic2.0 (NRGene, 2016). 
The development team reports that 82% (14 Gbp) of the wheat genome has been 
assembled on scaffolds 5Kb or larger and 97% of the scaffolds have been placed into 
pseudomolecules. The assembly is currently available for IWGSC members and for 
signers of the Toronto agreement. The details of the assembly and the assembler have not 
been revealed but general details were reported during the Plant and Animal Genome 
Conference in early 2016 (IWGSC, 2016). The assembler requires a very specific 
combination of paired-end and mate-pair libraries with insert sizes ranging from 300 bp to 
over 12 Kbp and a combined sequencing depth of over 200X. 
Given the big differences in the assembly metrics, the comparisons between this 
assembly and the local assembly were based on gene content and sequence collinearity. 
All the contigs in the local assembly were aligned to the largest 100 TGAC scaffolds with 
Blast and significant alignments with more than 99% of horizontal coverage and >99% of 
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sequence identity were further analyzed. The total length of the contigs aligned was 
10.8Mb which is roughly a sixth of the total length of the scaffolds analysed (61.3Mb). The 
scaffolds that had been assigned to a chromosome arm in the wheat genome were 
preferentially aligned to the local contigs that belonged to the same chromosome arm 
(Figure 2-13 and Figure 2-14). The TGAC scaffolds were classified based on the amount 
of CSS42 reads that were mapped to its sequence. Given that CSS42 reads were the raw 
data used for the local assembly and for the original IWGSC assembly, this coincidence 
was expected. 
The alignment of contigs to the TGAC scaffolds revealed the presence of chimeric 
scaffolds joining loci from different chromosome arms (Figure 2-15). The alignments can 
point with high precision to the breaking point of these scaffolds and could prove helpful to 
improve the current TGAC assembly. 
Alignment of the TGAC genes to the local assembly revealed that 97.4% of the 
genes were present. This is in agreement with the results obtained from CEGMA and 
BUSCO which report the presence of 98% of their respective databases present in the 
local assembly. Based on non-overlapping sequence alignments between the contigs and 
the TGAC genes, we found that most of the genes are found in a single contig per locus, 
but some genes are split between 2-4 contigs. Similar results have been observed by 
comparing the protein sequences of the local assembly with the proteome of close 
relatives including Triticum urartu, Aegilops tauschii, Brachypodium dystachion, Hordeum 
vulgare and Oryza sativa.  
2.4.3 Gene annotation 
The total number of gene coding loci in the TGAC genome was 100,568 close to the 
99,000 loci found in the IWGSC assembly. In contrast, the local assembly contained 
118,463 gene loci. Previous estimates of gene content in the wheat genome ranged from 
77,000 (Berkman et al., 2012a) to 150,000 (Choulet et al., 2010). The annotation of 118 
thousand genes in the local assembly is within the range proposed by these estimates. 
Gene annotation in the IWGSC v2 assembly reported a total of 99 thousand high-
confidence genes whereas the TGAC assembly reported 100 thousand genes. All the 
genes reported in this chapter were supported by at least two external sources of evidence 
including RNA-seq alignments, flcDNA alignments, and similarity to wheat ESTs, grass 
proteins or cDNAs. The inclusion of external evidence ensures that the genes reported in 
this chapter are real, although some may still be fragments of larger genes that were split 
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in the assembly as was shown for 35 thousand genes after aligning them to the proteome 
of Triticum urartu. 
The distribution of these genes across the three subgenomes shows a higher than 
expected number of genes in the D genome. Previous studies had shown that the B 
genome contained a significantly higher number of genes than either of the other two 
genomes (Qi et al., 2004, IWGSC, 2014). The recent annotation of the TGAC assembly 
confirms this trend as does the IWGSC annotation with the A genome containing the least 
number of genes, closely followed by the D genome and the B genome with the most 
number of genes. The fewer gene numbers in the A and D genomes has been partially 
explained by the two rounds of polyploidization they went through compared to a single 
round for the D genome (Berkman et al., 2013a). Every round of hybridization and genome 
duplication results in the non-random loss of genes in the genomes involved (Berkman et 
al., 2013a, Marcussen et al., 2014, Kenan-Eichler et al., 2011, Salmon et al., 2005). 
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3 Chapter 3 Assembly and annotation of the wheat 
pangenome 
3.1 Introduction 
Reconstruction of a single individual genome is an important first step towards 
understanding the structure and evolution of a species’ genome. However, since the 
beginning of the genomics era, it was clear that one single individual’s genome could not 
be considered representative of an entire population, let alone a species. Small scale 
sequence divergence is regularly found and annotated in every organism studied and even 
though resequencing approaches have been very successful in the discovery of single 
nucleotide polymorphisms and small indels, copy number variations and their extreme 
representative presence-absence variations have received little attention. 
Among the many differences that can be found between two individuals of the same 
species, single nucleotide polymorphisms (SNPs) and copy-number variants (CNVs) are 
the most wide-spread and useful polymorphisms. In wheat, millions of SNPs (Lorenc et al., 
2012, Trick et al., 2012, Forrest et al., 2014, Wang et al., 2014, Lai et al., 2012a, Lai et al., 
2015b) and thousands of simple sequence repeats (SSRs, microsatellites) (Plaschke et 
al., 1995, Lelley et al., 2000, Ishii et al., 2001, Somers et al., 2004, Sourdille et al., 2004) 
have been identified and used to produce high throughput genotyping methods that helped 
understand wheat evolution and to analyse its genetic diversity, providing valuable 
resources for genetic breeding (Dvořák et al., 1993, Martin et al., 1995, Plaschke et al., 
1995, Lelley et al., 2000). These markers have also been used in the construction of 
genetic maps that assist in the map-based isolation of genes of agronomic importance 
(Poland et al., 2012b, Gill et al., 1996, Röder et al., 1998, Stephenson et al., 1998, Somers 
et al., 2004). 
Among genomic variations CNVs have been the least studied, mostly due to the lack 
of the technology necessary to identify them efficiently. Even after the development of 
second generation sequencing (SGS) technologies, most genomic studies focused on the 
discovery of SNPs. However, evidence keeps accumulating revealing the importance of 
CNVs in the phenotypic plasticity and adaptability of varieties to different environments. 
Presence-absence variation (PAVs) are an extreme form of CNVs where the sequence is 
completely missing in one individual and present in another. Genes are also subject to 
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such variations and can be found in one individual while being absent in another of the 
same species. These gene PAVs have recently been associated with heterosis in crop 
plants (Springer et al., 2009, Swanson-Wagner et al., 2010, Kaeppler, 2012). 
The origins of these gene presence-absence variations are still unclear. Genome 
duplication via interspecific hybridization usually results in reproducible patterns of gene 
loss within the first generations after the appearance of the amphipolyploid, although some 
extent of differential gene loss can be identified. This rapid gene loss has been observed 
in studies of newly synthesized allopolyploids of different plant species including wheat 
(Smet et al., 2013, Schnable et al., 2011, Kashkush et al., 2002, Wendel and Doyle, 2005, 
Adams and Wendel, 2005). Following the stabilization of the genome, a process of 
diploidization takes place and affects genome evolution by allowing greater freedom of 
mutation in duplicated genes. This often results in preferential neo-functionalization or sub-
functionalization of one of the copies of duplicated genes, which in turn increases the 
differentiation between homeologous chromosomes that is crucial for diploidization (Tate 
et al., 2009, Lukens et al., 2006b, Prince and Pickett, 2002, Irish and Litt, 2005). Thus 
evolutionary processes can explain the differential gene content between individuals of the 
same species and have been studied using comparative genomics approaches. 
Comparative studies of gene content between isolates of the pathogenic 
Streptococcus agalactiae showed that around 20% of the genes were absent in at least 
one of the isolates, while the remaining 80% was present in all samples analysed (Tettelin 
et al., 2005, Medini et al., 2005). Mathematical analysis of the gene content increase as a 
function of the number of genomes included revealed that some species had an upper limit 
to the number of genes present in their genepool that was estimated by the asymptote of 
the regression curve, while others lacked such limit and could apparently contain an 
infinite number of novel genes in their genepool. These cases are referred to as closed 
and open genomes (Tettelin et al., 2008, Lapierre and Gogarten, 2009, Bentley, 2009) 
depending on the gene number limit estimated by regression (“closed” means there is a 
limit and “open” means there is no such limit). These studies defined the pangenome as 
the sum of all the genes that would be found if all individuals of a clade (more commonly a 
single species) were sequenced and annotated. The first studies were performed in 
bacteria because genome assembly an annotation was easier and cheaper and there was 
an enormous wealth of unexploited genomic data already available. 
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Pangenomic studies in higher organisms can trace their origins to the comparative 
genomic analysis between assembled genomes of different species. The use of molecular 
markers for the study of population genomic structure and genome evolution required 
large quantities of genotypic data from multiple individuals of different races. In humans, 
not long after the publication of the first genome, a plan was being devised for the 
sequencing of 1000 human genomes and the establishment of a database of human 
genomic variation (The Genomes Project, 2015, Iafrate et al., 2004, Feuk et al., 2006). 
Similar initiatives were proposed for other model organisms including Arabidopsis (Alonso-
Blanco et al.), mouse (Keane et al., 2011) and the fruit fly (Wang et al., 2015). As a result 
of the many whole genome resequencing projects and large scale production of genomic 
data, evidence started to accumulate showing the extent of CNVs in every organism 
studied. However, it is only recently that large scale pangenomic studies of plants have 
been undertaken. The 1001 Arabidopsis genome project (Alonso-Blanco et al.), the rice 
pangenome assembly and gbrowse (Sun et al., 2017, Yao et al., 2015), the maize pan-
transcriptome and pangenome analysis (Jin et al., 2016, Lu et al., 2015, Hirsch et al., 
2014), the construction of soybean pangenome draft (Li et al., 2014c) and the recent 
construction and analysis of the Brassica oleracea pangenome (Brassica genome C) 
(Golikz, 2016, Golicz et al., 2016b) are all the first attempts at unveiling the hidden genetic 
diversity of crop plant gene pools. 
These first studies have shown the most plant species contain a large core genome 
that comprises between 60-80% of all the genes in the pangenome. Maize, on the other 
hand shows a smaller core genome and seems to be more prone to accumulating 
structural variants that could account for up to 50% of sequence divergence in some loci 
(Hirsch et al., 2014, Swanson-Wagner et al., 2010, Lai et al., 2010, Eichten et al., 2011). 
Analysis of the variable genes revealed that they are enriched with genes involved in the 
defence response, response to environmental stress, and intracellular signalling pathways. 
These results highlight the importance of the variable genome in individual adaptation to 
local environment and pathogens. Mathematical modelling of pangenome expansion has 
shown that all these plant species have a closed pangenome, but agree that the inclusion 
of more distant varieties, landraces or synthetic varieties could harbour yet unexplored 
sequence variants that may further increase the gene content of the pangenome in each of 
the species. 
The re-assembly of the Chinese Spring genome described in the previous chapter, 
though an important step in wheat genomic studies here is only considered as the first 
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step towards the construction of a complete wheat pangenome. Chinese Spring has been 
an important source of cytogenetic stocks mainly due to its readily crossability with rye and 
the production of aneuploid and chromosomal deletions clones that were essential in the 
early days of wheat cytogenetic studies (Sears and Miller, 1985, O’mara, 1953, O'Mara, 
1951, Sears, 1969). Nevertheless, it has not been widely used in breeding programs, 
mostly because of its high susceptibility to pathogens and lack of traits of agronomical 
importance (Sears and Miller, 1985). Chinese Spring is the most studied wheat cultivar 
with plenty of cytogenetic resources that have been used from gene identification and 
isolation to chromosome-based genome assembly using Chinese Spring derived 
ditelosomic lines (IWGSC, 2014). However, its absence in the pedigree of most of the 
modern elite wheat cultivars and from parental lines in wheat breeding programs limit the 
use of its genome sequence in breeding programs. That is why, the extension of Chinese 
Spring reference genome with new genes that are absent in its sequence is essential to 
increase the usefulness of wheat genomic data. 
In this chapter, the Chinese Spring reference genome is expanded to include 
additional sequences contained in all wheat cultivars for which there is enough sequence 
data available. To do this, sequences that were not found in the Chinse Spring reference 
genome, but were present in the 19 cultivars analysed, were assembled and annotated. 
This analysis permitted the assignment of annotated genes to either the core or variable 
genomes of wheat, the estimation of the approximate gene content in the wheat 
pangenome and the functional characterization of its variable genome. This can be 
considered the first draft of the wheat pangenome and is a valuable resource for the 
identification of genes of agronomic importance that cannot be found in a single reference 
genome. 
3.2 Materials and Methods 
3.2.1 Raw data 
Whole genome shotgun reads from 16 wheat Australian cultivars were downloaded 
from the Bioplatforms diversity sequencing set 
(https://downloads.bioplatforms.com/wheat_cultivars/samples). Also, WGS reads from 
cultivars OpataM85 and synthetic W7984 and their double haploid offspring were 
downloaded from the sequence read archive (SRA) at NCBI. RNA-seq reads from 9 of the 
16 wheat cultivar were downloaded from the NCBI SRA database (Appendix I).  
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3.2.2 Construction of the wheat pangenome 
3.2.2.1 De novo assembly of unmapped reads 
In order to extend the sequence of the wheat genome and include sequences from 
all available sequenced cultivars, we mapped the raw reads of the cultivars to the 
complete Chinese Spring reference genome and extracted those reads that could not be 
mapped to it. 
The complete Chinese Spring reference genome was constructed by adding the 
previously assembled group 7 chromosomes (Berkman et al., 2013a), the chromosome 3B 
(Paux et al., 2006) and both the chloroplast (Middleton et al., 2014) and the mitochondrial 
(Cui et al., 2009) genomes of wheat (Genbank: KJ614396.1 and AP008982., respectively) 
to the genome assembly of groups 1 to 6 shown in the previous chapter. 
Raw reads from the 16 Australia wheat cultivars were mapped to the reference wheat 
genome with Bowtie2 v2.2.9 (Langmead and Salzberg, 2012) allowing an insert size from 
0 to 1000 bp. Libraries with mapping efficiencies below 60% were not included in the 
analysis. Paired-reads that could not be mapped to the reference genome were extracted 
with samtools v1.3 (Li et al., 2009a) using the samtools view command –f 0x4. Unmapped 
reads were evaluated using FastQC (Andrews) (k=7). Trimmomatic v0.32 (Bolger et al., 
2014) was used to remove low quality stretches and adapter leftovers using a sliding 
window approach of 6 bp with less than 20 base quality scores. Trimmed reads smaller 
than 73 bp and unpaired reads were no longer considered for further analysis. Paired-end 
reads were assembled with IDBA-UD (Peng et al., 2012) using default parameters.  
After removing contaminant sequences, a second reference genome was produced 
by adding the selected scaffolds to the previous reference genome. Subsequently, raw 
reads from the cultivars OpataM85, W7984 and 90 double-haploid offspring were mapped 
to the new reference genome as described above, and unmapped read pairs were 
extracted, trimmed and pooled for assembly with IDBA-UD.  
3.2.2.2 Contamination removal 
The de novo scaffolds were aligned to NCBI nucleotide database (NT database) with 
Blastn v 2.2.30+ (Camacho et al., 2009) using a minimum e-value of 1e-10 (-e-value 1e-
10). Blast results were parsed into tabular format with the Bioperl module Bio::SearchIO 
and an in house script parseBlast.pl. Only the best hit for each scaffold was considered 
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and scaffolds with a significant top hit outside of the green plants clade (Viridiplantae, 
Taxon ID 33090) were excluded from the assembly and considered contamination. 
Classification of the top 100 genus and species hits in the Blast results was done using the 
NCBI taxonomy database (ftp://ftp.ncbi.nih.gov/pub/taxonomy/). 
3.2.3 Comparison of mapping efficiency to the reference genome and to the 
pangenome 
As an initial validation of the assembled sequences, the mapping efficiency of the 
raw reads to the reference genome and to the extended genome (pangenome) was 
compared. Reads from each cultivar were mapped to the reference genome and to the 
pangenome with Bowtie2 v 2.2.9 (Langmead and Salzberg, 2012) with standard 
parameters and mapping efficiencies, and the results were were plotted for each cultivar. 
Chinese Spring chromosome sorted reads were included as a control to confirm the 
absence of the additional scaffolds in the raw sequence of Chinese Spring.  
3.2.4 Placement of unmapped scaffolds in the Chinese Spring reference genome 
3.2.4.1 Placement based on read pair information 
Reads from the 16 wheat cultivars were mapped to the pangenome and reads that 
mapped to the last 300 bp of either end of the unmapped scaffolds were used to anchor 
the scaffolds to Chinese Spring contigs. At least two anchor reads were required for 
placing the scaffolds and at least 80% of the reads should place the scaffolds to the same 
position in the reference genome.  
3.2.5 Gene Annotation 
RNA-seq reads from 9 of the 16 wheat cultivars were mapped to the pangenome 
assembly with HiSat2 v 2.0.4 (Kim et al., 2015) using default parameters. Accepted 
alignments were transformed into hints with the program bam2hints from the Augustus 
package. In parallel, the unmapped assembly was aligned to the green plants ESTs 
database from NCBI using tBlastx. Significant alignments (eval ≤ 1e-5) were also 
transformed into hint files using Bioperl (Stajich et al., 2002). 
Augustus (Stanke and Morgenstern, 2005) was used for genome annotation of the 
unmapped assemblies using RNA-seq and EST alignments as hints for gene structure. 
Gene models were further selected based on their size (≥ 300bp) and sequence similarity 
to known EST or proteins in the green plants sequence dabatase from NCBI. Finally, 
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genes with high similarity to transposable elements or that overlapped masked repeats 
were removed from the final annotation. 
3.2.6 Presence-absence variation of genes 
Genes were identified as either present or absent in every cultivar analysed based on 
the alignment of their raw reads to the exonic features of individual genes. The protocol 
used was a modification of the SGSGeneLoss pipeline (Golicz et al., 2015b): raw reads 
were mapped to the reference pangenome with Bowtie2 v 2.2.9 using standard 
parameters. Read coverage per gene per cultivar was obtained using the command 
samtools depth from Samtools v1.3 package. Genes were identified as present if they 
comply with two conditions: 1) exon coverage was at least 5% of the entire exonic 
sequence of the gene and 2) per base read coverage in the exonic regions was at least 2. 
Genes that were annotated in the assemblies but found to be absent from all the cultivars 
involved were removed from further analysis. 
3.2.6.1 Validation of gene presence-absence variation 
RNA-seq reads from 11 wheat cultivars were mapped to the wheat pangenome with 
HiSat2 (Kim et al., 2015). The horizontal coverage of exonic sequence per gene was 
measured using the bed annotation file and the command samtools depth –b 
<bed_annotation>. The exonic horizontal coverage was measured as the total number of 
bases in exons covered by 2 or more reads as a fraction of the total length of all exons in 
the gene. The average exonic horizontal coverage of genes predicted to be present was 
measured and used as a threshold to assess the present or absent status of genes 
predicted to be absent according to WGS data. The number of genes predicted to be 
absent from WGS data, but present according to the RNA-seq data was measured. 
3.2.7 Pangenome modelling 
PanGP (Zhao et al., 2014) was used to count the total number of genes in the core 
and variable genome for all possible combinations of cultivars from 1 to 19 cultivars. The 
averages of these counts were used to model the expansion of the pangenome and the 
contraction of the core genome using non-linear models. For pangenome expansion, a 
power law model (f(x) = AxB+C) was used, whereas an exponential model (f(x) = AeBx+C) 
was used to fit the core genome contraction (Tettelin et al., 2005). Both models were fitted 
in R (Suzuki and Shimodaira, 2006) with the nls function. 
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Genes that were present in every cultivar were considered to be part of the wheat 
core genome, whereas the rest were considered the variable genome. 
3.2.8 Functional enrichment of the wheat variable genome 
Translated protein sequences of all annotated genes were aligned to the Arabidopsis 
thaliana proteome database 
(ftp://ftp.arabidopsis.org//Sequences/Blast_datasets/other_datasets/CURRENT/At_GB_ref
seq_prot.gz) using BlastP with standard parameters. Functional annotation was then 
performed using the command line version of Blast2GO v2.5 (Conesa and Götz, 2008) 
with standard parameters. The TopGO package (Adrian Alexa, 2006) from Bioconductor 
was used to determine functional enrichment of biological processes in the variable 
genome using a Fisher exact test (p≤0.01) and the full genome annotation as background. 
3.3 Results 
3.3.1 Assembly of unmapped reads 
Whole genome shotgun sequencing reads of 19 wheat elite cultivars were used to 
identify and assemble regions that were present in any of these 19 cultivars but absent 
from the Chinese Spring reference genome constructed in the previous chapter. We used 
a two-step approach where the unmapped reads from 16 wheat elite cultivars were pooled 
and assembled to extend the reference sequence and, in a second step, the SynOpDH 
population (Sorrells et al., 2011) and their parents were mapped to the extended reference 
genome, unmapped reads were isolated, pooled and assembled.  
In the first step, whole genome shotgun reads from 16 elite wheat cultivars were 
mapped to the reference genome of Chinese Spring (Figure 3-3). On average, the 
mapping efficiency of the libraries was 83% with the exception of 5 libraries from the 
cultivar Baxter whose mapping efficiency was only ~30%. Aggressive quality clipping of 
these libraries to remove low quality sequence stretches, adapter sequences and 
overrepresented kmers did not result in higher mapping efficiency. Finally, 1,000 random 
reads from each library were compared to the non-redundant nucleotide database from the 
National Centre for Biotechnology Information (NCBI). The results showed that these 
libraries contained mostly bacterial and fungal sequences and were therefore excluded 
from further analysis (Appendix II). 
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Unmapped reads from the 16 cultivars were extracted and assessed for sequence 
quality, adapter content and overrepresented kmers. Then, reads were quality trimmed, 
PCR adapters were removed and reads smaller than 73bp were discarded. In total, 870 
million paired reads were used for assembly. The reads from the 16 cultivars were pooled 
to compensate for the low coverage per cultivar which was estimated to range from 8X to 
20X and was insufficient for de novo assembly of individual samples (Table 3-1).  
 
 
 
Table 3-1. Total number of bases and sequencing depth of the cultivars used in this 
Thesis 
Year Cultivar Experiment 
Read 
Length 
(bp) 
Insert 
Size 
(bp) 
Total bases 
(Gbp) 
Sequencing 
depth 
2016 ABC-1 WGS 100 300 166.045 09.77 
2016 Alsen WGS 100 280 189.837 11.17 
2016 BX-1 WGS 100 320 196.977 11.59 
2016 CH7 WGS 100 200 251.540 14.80 
2016 Drysdale WGS 100 300 173.100 10.18 
2016 Excalibur WGS 100 300 161.200 09.48 
2016 Gladius WGS 100 300 184.000 10.87 
2016 H45 WGS 100 430 171.900 10.12 
2016 Kukri WGS 100 300 247.000 14.53 
2016 OpataM85 WGS 216 680 195.600 11.51 
2016 Pastor WGS 100 300 214.120 12.60 
2016 RAC WGS 100 300 166.500 09.79 
2016 Volcani WGS 100 300 168.800 09.93 
2016 W7984 WGS 150 400 340.700 20.04 
Chapter 3 Assembly and annotation of the wheat pangenome 
3-71 
 
2016 Westonia WGS 100 260 142.479 08.38 
2016 Wyalkatchem WGS 100 350 338.575 19.92 
2016 Xi-1 WGS 100 140 243.672 14.33 
2016 Yp-1 WGS 100 150 222.288 13.08 
 
 
Following the same approach, raw reads from the cultivars OpataM85, W7984 and 
90 F1-derived double haploid individuals from the SynOpDH population (Sorrells et al., 
2011) were mapped to the extended reference genome and the unmapped paired reads 
were extracted, pre-processed, pooled and assembled. Four libraries from cultivar W7984 
with mapping efficiency below 60% were not used in the assembly. The unmapped reads 
from the SynOpDH population was pooled with the unmapped reads of both parents to 
compensate for the low sequencing depth of each cultivar. This raised the average 
sequencing depth to ~60X. In total, 7 million paired-end reads were used for assembly. As 
in the previous step, the raw assembly was compared to the NT database from NCBI to 
identify and remove contaminant sequences. 
3.3.2 Contamination identification and removal 
Combined, both assemblies produced a total of 659.7 Mb (659,703,067bp) of raw 
sequence in 328,783 scaffolds. In order to remove contaminant sequences, the raw 
assembly was aligned to the nucleotide database at NCBI (NT) and all the scaffolds whose 
top alignment was outside of the green plants clade (Viridiplantae - NCBI Taxon ID: 
33090) were removed from the assembly. Scaffolds with no hits in the NT database were 
further compared to the genome survey sequence database (GSS) and genomic 
Reference sequence database (Genome). As shown in Figure 3-1, Plantae was the group 
with the largest number of best hits to the raw scaffolds representing 60% of all the best 
hits. Another 4% of the scaffolds did not have any hits to any database and were also kept 
for further analysis. The remaining 36% of the scaffolds with top hits outside of the green 
plants group were no longer considered in this study. 
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Figure 3-1 Source of the best Blast hits for the raw scaffolds. The graph includes the top 
100 most frequent genus hits which appear in over 250,000 scaffolds. The most frequent 
Blast hit was with group Plantae, followed by Bacteria, Fungi and Metazoa. 
 
 
The contribution of each genus annotation to the final scaffold selection is shown in 
Figure 3-2. The majority of selected scaffolds have a significant sequence identity to other 
sequences in the Triticum genus, followed by the Hordeum, Brachypodium and Aegilops 
genera. Within the Triticum genus, Triticum urartu, Triticum durum, Triticum turgidum and 
Triticum aestivum were the most frequent Blast hits, with the latter as the most common 
one. The average sequence similarity between the additional scaffolds and the Plantae 
hits was 88.4% with an average alignment length of 543bp, suggesting that these 
sequences were close enough to be recognised, but different enough to be considered 
novel. These results do not allow us to speculate as to the origin of these sequences. 
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Figure 3-2. Number of scaffolds with best hits to group Plantae. The family Poacea is the 
most frequently represented in the final selection with the Triticum, Hordeum, 
Brachypodium and Aegilops as the most frequent representatives. 
 
 
After removal of contaminant sequences, the statistics of both assemblies are shown 
in Table 3-2. The assembly of unmapped reads from the 16 wheat cultivar contained 343 
Mb of additional sequence (343,277,182 bp) in 210,792 scaffolds. The average scaffold 
length was 1,629 bp and the N50 was 1,830 bp The second assembly iteration using 
unmapped reads from the cultivars OpataM85, W7984 and their 90 double haploid 
offspring contained 6.7 Mb (6,722,169 bp) of additional sequence in 11,199 scaffolds with 
an average length of 600 bp and an N50 of 960 bp. 
 
Table 3-2. Assembly metrics of the unmapped reads. The Bioplatforms subset includes 
16 Australian wheat cultivars. The OpataM85-W7984 assembly includes the 90 double-
haploid individuals of the SynOpDH family, and the parental cultivars OpataM85 and 
W7984. 
Assembly Total bases 
Avg size 
(bp) 
N50 (bp) 
Biggest Contig 
(bp) 
BioPlatforms 343,277,182 1,629 1,830 97,138 
OpataM85 
W7984 
6,722,169 600 960 12,975 
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3.3.3 Validation of the assembly 
Reads from the 19 cultivars (18 cultivars + Chinese Spring CSS libraries) were 
mapped to the wheat pangenome and the mapping efficiency was obtained for each 
cultivar. Comparison with the mapping efficiency obtained using the Chinese Spring 
reference genome shows that on average 9% more reads were mapped to the 
pangenome than to the Chinese Spring genome with the exception of Chinese Spring 
itself, which only increased its mapping efficiency by 2%. This increase in the mapping 
efficiency for all libraries suggests that the pangenome offers mapping space that is 
unavailable in the Chinese Spring reference. Furthermore, the small increase in mapping 
efficiency found for Chinese Spring in comparison with all other cultivars shows that this 
additional mapping space is barely used by Chinese Spring CSS reads, confirming that 
this most of this additional sequence was not present in the Chinese Spring genome. 
 
Figure 3-3. Comparison of mapping efficiency for all cultivars between the pangenome 
and the Chinese Spring genome. Red circles are the mapping efficiency against the 
Chinese Spring assembly; blue triangles represent the mapping efficiency against the 
wheat pangenome assembly. 
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3.3.4 Placement of unmapped scaffolds into the reference Chinese Spring 
reference genome 
Two approaches were used to place newly assembled scaffolds into the reference 
pangenome: paired-end information and a genetic map (see Chapter 4). The first 
approach allowed us to anchor 30.2% (67,024) of the newly assembled scaffolds to 
specific chromosome arms. In most cases, however, the scaffolds were anchored to 
contigs that had not been placed in the pseudomolecules. Table 3-3 shows the distribution 
of the unmapped scaffolds across the wheat pangenome. Fewer scaffolds were placed in 
the D genome compared to the A and B genomes whereas more scaffolds were placed in 
the homeologous group 7 than in the other homeologous groups mostly driven by an 
increase in chromosome 7B. 
 
Table 3-3. Distribution of new scaffolds assigned to a chromosome by mate-pair 
information 
 
A B D Total 
1 1290 1667 1405 4362 
2 1828 2157 4158 8143 
3 7453 1953 2186 11592 
4 2116 2902 1899 6917 
5 3399 2651 1427 7477 
6 2665 3842 1264 7771 
7 5693 9535 5534 20762 
Total 24444 24707 17873 67024 
 
 
3.3.5 Gene annotation and clustering 
Augustus was used for gene annotation using RNA-seq (Wang et al., 2014) and 
alignments to green plant ESTs as hints for gene prediction. Gene models were filtered 
based on their size (>100bp), support from either RNA-seq or ESTs, their overlap to 
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repeat-masked regions and their similarity to TE-related proteins. To avoid overestimation 
of the number of genes in the unmapped reads, only genes with sequence identity to other 
genes from green plant members were considered for further analysis. The final gene set 
contained 21,653 gene models with an average gene length of 950 bp. Along with the 
118,463 genes present in the Chinese Spring reference genome, a total of 139,747 genes 
have been identified in the complete wheat pangenome. 
The genes were clustered based on protein sequence similarity with the proteomes 
of Arabidopsis thaliana, Triticum urartu, Hordeum vulgare, Brachypodium dystachyon, 
Sorghum bicolor, Setaria italica and Aegilops tauschii. In total 45,779 clusters were found 
with an average of 7.2 genes per cluster and a median of 4 genes. 
3.3.6 Gene presence-absence variation 
On average, each cultivar contains 128,656 genes ranging from 118,288 genes in 
Chinese Spring to 132,445 in Xiaoyan-54 (Xi-1). In total 49,952 genes (35.7%) show 
presence-absence variation in the 19 cultivars and represent the variable genome of 
wheat. The remaining 89,795 genes (64.3%) were present in all cultivars and represent 
the wheat core genome. Baxter-1 (BX-1) contains the highest number of unique genes 
(712) whereas ABC-1 and Kukri both had 0 unique genes. The average number of genes 
missing per cultivar was 11,091 with Chinese Spring being the one with the most genes 
lost (21,459) and Xiaoyan-54 the one with fewest genes absent (7,477). Mapping of reads 
from Chinese Spring isolated chromosome arms to the pangenome assembly showed that 
none of the additional annotated genes were present in the Chinese Spring genome. 
The presence of orthologous and paralogous genes in the wheat genome creates a 
redundancy of functions that can result in neo-functionalisation or specialisation of one or 
all of the genes clustered. Thus, core functions may be present even if one member of the 
family members is missing from the individual. To account for this, 31,433 wheat gene 
clusters were evaluated for presence absence variation. From these, 26,014 gene clusters 
were present in all cultivars and represent the core functions of the wheat genome 
whereas the remaining 5,419 clusters are present only in a subset of the cultivars 
analysed and their function is not considered essential. 
3.3.6.1 Validation of presence-absence variation 
RNA-seq from 11 cultivars was used to confirm the missing status of the genes 
predicted to be absent by the PAV pipeline. The average mapping efficiency was 75% for 
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the eleven libraries used. For every gene in the pangenome, the fraction of the coding 
sequence (CDS) covered by RNA-seq data was measured. The subset of genes predicted 
to be present was used as a positive control to estimate the average CDS fraction covered 
by RNA-seq data. On average, 68% of the CDS was covered by RNA-seq reads with 95% 
of these genes having 60% or more of their CDS covered. Using this 60% as a threshold, 
the missing genes were assessed. In average, 80 genes predicted to be absent from a 
single cultivar were found in the RNA-seq data with an average horizontal coverage of 
80% of the CDS. This represents an error rate of 0.7% in the PAV calling pipeline for this 
specific dataset. 
3.3.7 Pangenome expansion modelling 
To estimate the gene content of the wheat pangenome, the total gene number was 
modelled as a function of the number of genomes included and adjusted to a power law. 
The total number of core genes was also modelled as a function of the number of 
genomes sequenced. The analysis shows that the pangenome of wheat is closed and 
contains approximately 140,500 +/- 102 gene models for this specific dataset (Figure 3-4). 
The reduction of the core genome was also used to estimate its gene content in 81,070 +/- 
1,631 gene models. 
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Figure 3-4. Modelling of the wheat pangenome. Pangenome expansion in gene content 
was modelled as a function of the number of genomes included in the analysis. Mean 
gene counts for all combinations of “x” genomes are presented in the figure.  
 
 
 
Similarly, the expansion of gene clusters was modelled as a function of the number 
of genomes sequenced. Based on the model, the approximate number of clusters 
contained in the wheat pangenome was 34,837 +/- 17 clusters and 25,402 +/- 238 were 
considered part of the core clusters (Figure 3-5).  
 
Chapter 3 Assembly and annotation of the wheat pangenome 
3-79 
 
Figure 3-5. Modelling the expansion of gene clusters in the wheat pangenome. 
 
 
3.3.8 Functional enrichment of the variable genome 
Functional annotation of the wheat pangenome was performed with Blast2GO and 
GO terms were assigned to 64,998 genes in the wheat pangenome. Of these, 17,738 
genes were variable genes. These variable genes with functional annotations were tested 
for enrichment in comparison with the entire dataset. Figure 3-6 shows the biological 
processes that were found enriched in the variable genome. Response to biotic and abiotic 
stress were the predominant biological processes that were statistically more abundant 
(Fisher exact test, p≤ 0.01) in the variable genome. Several enriched terms represent 
processes that play a role in different pathways e.g. signal transduction is an essential part 
of any response to the environment (biotic or abiotic stimulation) or to hormonal induction. 
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Figure 3-6. Functional enrichment of the variable genome of wheat. The size of the font 
reflects the significance of the enrichment with larger font size being the most significant 
(p<1e-30) and the smallest font size the least significant (p < 1e-5) 
 
 
 
3.4 Discussion 
3.4.1 Assembly of the pangenome 
In this chapter, eighteen elite wheat cultivars were used to extend the known 
sequence of the hexaploid wheat genome, assembled in the previous chapter. This 
extended reference genome contains additional genes that were not present in the 
Chinese Spring assembly and can thus be referred to as the first draft pangenome of 
wheat. The methodology used for the assembly and annotation of the pangenome was 
designed to make the best use of all the wheat sequencing reads publicly available and to 
reduce the effect of DNA contamination and low quality reads that may be enriched in the 
unmapped fraction of a sequencing library. In many aspects, the methodology used was 
limited by the quality and quantity of sequencing data publicly available and the results are 
a reflection of the diversity found in the germplasm included in this study. 
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After the initial reassembly of the wheat genome, we mapped all available reads from 
eighteen cultivars to the reference genome which included the sequences of the 
chloroplast and mitochondrial genomes. A study on soybean found that unmapped reads 
from 8 diverse soybean lines showed an enrichment of chloroplast, mitochondria and 
transposable-elements derived reads (Sonah et al., 2013). Including these reads in the 
assembly would have provided some insights into the extranuclear diversity in wheat. 
However, both organelles have shown little diversity between polyploid species and their 
diversity could be better examined through a mapping approach (Ogihara and Tsunewaki, 
1988, Ishii et al., 2001) rather than a de novo assembly. The organelle reads were 
excluded from the unmapped reads dataset in order to decrease the computing time for 
assembly and reduce the complexity of the dataset for de novo assembly. 
Mapping efficiency of raw reads to the wheat genome varied from 70% to 90%, with 
the exception of 5 libraries from the cultivar Baxter (BX-1) that had mapping efficiencies of 
~30%. The mapping efficiencies of these 5 libraries could not be improved despite several 
rounds of stringent quality trimming and more relaxed mapping conditions. Further 
analysis of a subset of reads from these libraries showed a large number of bacterial and 
fungal sequences present. These libraries were subsequently removed from the analysis 
altogether to avoid overrepresentation of contaminating sequences in the assembly. For 
the rest of the libraries, the mapping efficiencies were similar to those found in other plant 
resequencing projects (Duitama et al., 2015, Bekele et al., 2013, Gordon et al., 2014). 
Mapping efficiency is related to the quality of the library used. Small template sizes, 
unintended introduction of foreign DNA during sample collection/processing, or low 
quantities of DNA extracted will all affect the mapping efficiency of the reads produced. 
High quality libraries usually have high mapping efficiencies when mapped to a close 
reference genome. Using more distant genomes can still produce valid alignments, for 
example mapping of shotgun reads from wheat chromosome arm 7DS to the 
Brachypodium dystachyon reference genome (International Brachypodium, 2010) showed 
high mapping efficiency to the coding sequences (CDS) of conserved genes in syntenic 
regions, despite being separated by 32 million years of evolution (Berkman et al., 2011b). 
Unmapped reads are usually enriched with low quality reads, reads with adapters and 
PCR primer leftovers, unintended foreign DNA contamination, transposable elements and 
reads from highly diverged loci of the genome that do not have a counterpart in the 
reference used. It is the latter, the ones that we aim to assemble to gain a better 
understanding of the diversity in the wheat germplasm that are of interest, and therefore, 
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the methodology was designed to reduce the impact of the other categories of reads 
present in the unmapped reads dataset. A comparison of non-human sequences in human 
sequencing data revealed that foreign DNA contamination could be found in every DNA 
sequencing centre and all libraries had different levels of contamination (Tae et al., 2014). 
Furthermore, common contaminant sequences appeared in samples from different 
sequencing centres such as human adenovirus. A similar pattern in the libraries could 
explain the presence of large scaffolds of bacterial and fungal origin in the raw pangenome 
assembly (Figure 3-1). Pathogenic or commensal DNA could have been extracted 
alongside the plant DNA, introduced in the libraries and enriched in the unmapped reads 
datasets after mapping to the wheat genome. 
3.4.1.1 Pre-processing of the raw data 
To deal with low quality sequences in the dataset, two methods are commonly used 
in de novo assembly projects: (1) quality control removing low quality stretches and end 
clipping using known PCR primers and adapter sequences or (2) the correction of 
erroneous reads by kmer analysis. The latter is based on the analysis of kmer frequency in 
the raw reads to modify the sequence of very low frequency kmers (1X) which usually 
appear only in erroneous and low quality reads (Marcais and Kingsford, 2011, Marçais et 
al., 2015). These low frequency kmers are modified in as few bases as necessary until 
they are identical to a higher frequency kmer. This approach was used successfully in the 
assembly of the 22 Gb loblolly pine genome where the authors constructed a database of 
24mers to identify erroneous kmers (multiplicity ≤ 15), repetitive kmers (multiplicity >120X) 
and single copy kmers (multiplicity ~60X) and used this database to correct the erroneous 
kmers prior to the assembly (Neale et al., 2014, Zimin et al., 2014). However, there are 
two assumptions of this approach that are not held by pooled read datasets. First, uniform 
read coverage across the sample’s genome. This assumes that every locus in the genome 
has equal chance of being sequenced and therefore equal chance of producing similar 
amounts of reads. As discussed before, in our pooled data, loci shared by many 
individuals have a much higher read count than the loci present in only a few individuals 
effectively skewing the read distribution. In second place, the approach assumes all low 
frequency kmers are erroneous, which is mostly true in libraries produced from a single 
sample, but false in libraries from extremely diverse samples, like environmental samples 
that may contain entire communities. In the latter, legitimate kmers may have an extremely 
low frequency due to the low abundance of a variant in the community relative to other 
much more common variants and this difference is exacerbated by PCR amplification prior 
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to sequencing. For these reasons, no error correction was performed in the dataset prior to 
de novo assembly of the pooled reads and the reads were pre-processed to eliminate 
highly erroneous reads and trim adapter leftovers that would have prevented correct 
identification of overlapping nodes in the assembly graph (Bolger et al., 2014) 
3.4.1.2 Assembly methodology 
If deeper sequencing of the cultivars had been available, the unmapped reads from 
every individual would have been assembled separately and the reference genome would 
have been expanded based on the additional contigs obtained from every individual after a 
thorough comparison with the reference genome (Golicz et al., 2016b). In the soybean 
pangenome, the authors sequenced and assembled 7 wild Glycine soja accessions 
individually using an average of 111.9X sequencing depth per accession (Li et al., 2014c). 
For the Brassica oleracea pangenome, the author performed de novo assembly of every 
sample with sequencing depth ≥ 30X and pooled the reads of the remaining samples prior 
to de novo assembly (Golikz, 2016). In Solanum tuberosum, 55.7Mb of additional 
sequence were found after resequencing 12 potato landraces from 30X to 69X and de 
novo assembly of the unmapped reads (Hardigan et al., 2016). This additional sequence 
had not been captured in the original reference genome assembly and can be considered 
part of the potato pangenome (PGSC, 2011). Also, in Arabidopsis thaliana, 80 diverse 
inbred samples were sequenced to a depth between 10X and 20X and unmapped reads 
were assembled de novo revealing 43,003 contigs that could be anchored to the reference 
genome (Cao et al., 2011). Unfortunately, the individual coverage of the samples used in 
this thesis was not high enough to allow an efficient de novo assembly of the unmapped 
reads per individual. That is why the reads from several individuals were pooled together 
prior to assembly. This approach was successfully used by Yao et al. (2015). In their 
study, they used very low sequencing depth (1-3X) from 1483 cultivated rice accessions 
and assembled the reads from two pools: the indica and the japonica groups. Yao 
recognise that the main challenge in assembly of pooled reads was the uneven read 
distribution across the target genome (Yao et al., 2015). This means that regions shared 
by multiple individuals in the pool will have a higher sequencing depth than those shared 
by fewer individuals. Assuming an average sequencing depth of 10X per sample, a loci 
shared by 2 samples would have a sequencing depth of 20X, those shared by 3 samples, 
would have 30X and those shared by all samples would have 160X. Uneven read 
distribution may not be an issue when pooling reads from few closely related individuals 
where the sequencing depth does not vary in more than 10X to 40X as was done for 
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Brassica oleracea (Golikz, 2016), but it is a concern when the average coverage per site 
varies dramatically. 
Our pooled data has an uneven sequencing distribution that ranges from 10X to 
160X which is similar to that found in metagenomic samples where every locus has a 
significantly different read abundance (Peng et al., 2012a, Davenport and Tümmler, 2013). 
Peng et al. (2010) showed that using a single kmer size for de novo assemblies could lead 
to either over branching in higher coverage regions or gaps (missing kmers) in low 
coverage regions which results in suboptimal assemblies. This is especially true when the 
dataset has a non-uniform read distribution as is the case for metagenomics samples, 
single cell sequencing experiments, samples obtained by multiple displaced amplification 
(MDA) or pooled reads from several different individuals. The assembler IDBA-UD faces 
this problem by using different kmer sizes in iterative steps and combining the results into 
a single graph to produce a consensus assembly (Peng et al., 2012). IDBA-UD is one of 
the most used metagenome de novo assemblers and the proposed used of multiple kmer 
sizes has been implemented in many state-of-the-art de novo assemblers including 
SPAdes (Bankevich et al., 2012), metaSPAdes (Nurk, 2016), HGA (Al-okaily, 2016), HyDA 
(Movahedi et al., 2016) and a new Superstrings graph algorithm (Cazaux et al., 2016). The 
metagenomics assembly approach has been successfully used by Yao et al (2015) to 
study the dispensable genome of rice from thousands of rice accessions that had been 
sequenced to an average 3X sequencing depth (Yao et al., 2015). 
3.4.1.3 Contamination identification and removal 
The raw assembly contained 659.7 Mb in 329,000 scaffolds. Contaminant sequences 
were detected by alignment to the NCBI non-redundant nucleotide database (NT) and only 
the best alignments for each scaffold were kept. A total of 309 Mb in 105 thousand 
scaffolds were removed from the assembly due to its similarity to sequences outside of the 
green plants clade (Viridiplantae, TAXON ID: 33090). The majority of scaffolds aligned to 
Triticum aestivum and Hordeum vulgare, and most of the contaminant sequences were 
part of the bacteria, fungi and metazoan groups (Figure 3-1). This result contrasts with that 
of the B. oleracea pangenome, where the amount of sequences discarded as 
contamination was very low for all samples except broccoli which contained 21% of the 
contigs as contamination from Herbaspirillum seropedicae (Golicz, 2016). In this wheat 
assembly nearly half of the assembly (41% of the assembly, 36% of the contigs) were 
removed. These contrasting results may be explained by the different methodologies and 
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libraries used for the assembly. The low sample coverage prevents unique sequences 
from being assembled and this reduces the total assembly size and increases the relative 
abundance of contamination in the assembly. The level of contamination is highly 
dependent on the sample although it is possible that the combination of unmapped reads 
from multiple libraries can increase the coverage of common pathogenic and commensal 
DNA sequences that were extracted alongside the sample DNA. 
3.4.2 Assessment of the pangenome 
After contamination removal, 350 Mb of additional sequence contained in 221,991 
scaffolds were obtained from the unmapped reads of the 18 wheat cultivars. The 
sequence similarity between the scaffolds and green plants database (Blast, e-threshold ≤ 
1e-10) provides evidence that the assembly represents plant sequences (Figure 3-1). 
Furthermore, analysis of the genera found in the Blast hits, shows that the great majority of 
Blast hits were to Triticum, Hordeum, Brachypodium and Aegilops all close relatives of 
Triticum aestivum (Figure 3-2). Mapping of pre-processed reads from the wheat 
chromosome arms to the wheat pangenome shows that these sequences were not 
present in the read dataset and represent a real expansion of Chinese Spring reference 
genome. Additionally, comparison of the efficiencies between mapping the reads to the 
Chinese Spring reference and to the pangenome reference shows an increase of mapping 
efficiency when using the pangenome (Figure 3-3), which confirms that the pangenome 
contains sequences that are not in the Chinese Spring reference, but are in the other 19 
cultivars. The small increase seen when mapping reads from Chinese Spring to its own 
reference genome and to the pangenome confirms that most of the additional sequences 
present in the pangenome do not appear to have a counterpart in the Chinese Spring 
genome. 
These results provide further evidence that the use of a single reference genome is 
insufficient to capture the full genomic diversity present in a species. Similar conclusions 
have been drawn from other pangenomic studies. Golicz et al. (2016) assembled an 
additional 99 Mb of the B. oleracea pangenome that were not found in the TO1000 
reference genome by iterative mapping and assembly of unmapped reads (Golicz et al., 
2016b). In rice, Yao et al. (2015) assembled 88.8 Mb and 57.0 Mb of additional sequence 
that was not present in the Nipponbare reference genome from the Group indica and 
Group japonica respectively (Yao et al., 2015). The sequencing of 80 Arabidopsis thaliana 
accessions also produced additional sequence that was not found in the Col-0 reference 
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genome. Due to the low sequencing depth per sample for each of the 80 accessions, the 
authors acknowledge the additional sequences are an underestimation of the total 
sequence diversity present in the samples (Cao et al., 2011). More recently, thousands of 
deleted genes were identified in a panel of 12 monoploid accessions of Solanum 
tuberosum Group Phureja. The authors found evidence that 21.9% of the genes annotated 
in the reference genome (DM) are dispensable and that only 30,401 genes were shared by 
all sequenced accessions of potato. This is still a conservative approximation of the real 
size of the dispensable genome of potato, because the monoploid panel used in this study 
has been freed from deleterious or dysfunctional haplotypes that could still be present in 
diploid or polyploid varieties, but would not survive anther culture and in vitro propagation 
(Hardigan et al., 2016). Similarly, the additional sequence assembled in this wheat study is 
likely an underestimation of the total sequence available in the wheat gene pool. The raw 
data available determined the approach taken to construct the pangenome. This means 
that the total assembly contains mostly sequences present in more than one cultivar and 
unique loci that do not have enough coverage are unlikely to be present. Even though 
IDBA-UD uses an iterative assembly approach with different kmer sizes to optimise the 
assembly of low coverage and high coverage regions, simulated data of bacterial 
metagenomics samples showed that it was only able to assemble 81% of the sequence 
with coverage of 10X (Peng et al., 2010) which is the expected coverage for loci unique to 
one cultivar. The expected assembly efficiency may drop even further if we take into 
consideration that our real case scenario uses plant genomes, which are more complex 
than bacterial genomes, and that the actual data contained more contamination than 
would appear in a simulated sample, which in turn affects the actual coverage of legitimate 
cultivar-specific sequences. 
A recent study by Liu et al (2016) assembled unmapped reads from chromosome 3B 
of cultivar CRNIL1A and determined that up to 8.3 Mbp of sequences present in the 
CRNIL1A 3B chromosome were absent in its Chinese Spring counterpart and estimated 
that 159.3 Mbp present in the CRNIL1A could be absent in the Chinese Spring reference 
genome. Additionally, the authors assembled RNA-seq data from 28 wheat cultivars and 
aligned the assembled transcripts to the IWGSC reference genome, the TGAC v1 
genome, the W7984 assembly and the assembly of 16 wheat cultivars described here. 
The authors found that 10% of the transcripts not found in any Chinese Spring reference 
assembly were found in the assembly of the 16 Australian wheat cultivars we provided (Liu 
et al., 2016). The assembly provided by us did not include the assembly of unmapped 
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reads from the W7984 and OpataM85 genomes. Nevertheless, only 10% of the non-CS 
transcripts could be found in our assembly, while an additional 22.1% of the transcripts 
were found on the W7984 assembly. Taken together, the full assembly of 18 wheat 
cultivars presented here contains 32.1 % of non-CS transcripts. Further analysis of the 
non-CS transcripts showed that only 45.9% were detected in wheat or close relatives and 
68.8% had significant Blast hits against the NCBI NR protein database. Taking the 45.9% 
of these transcripts as the most reliable subset assembled given their presence in wheat 
and close wheat relatives, our assembly accounts for 69.9% of these high confidence 
transcript set. 
3.4.3 Placement of scaffolds to the Chinese Spring reference genome 
Newly assembled scaffolds were anchored to the reference genome based on 
paired-end information, and 31% of all the scaffolds could be anchored to a chromosome 
arm in the Chinese Spring reference genome. This is similar to the 28% of scaffolds 
anchored to the TO1000 reference genome in the B. oleracea pangenome following a 
similar approach (Golikz, 2016). The placement of these sequences into the reference 
genome was usually supported by two or more cultivars which strengthens the accuracy of 
the placement and confirms the origin of these sequences as legitimate wheat derived 
sequences that were present in the additional cultivars but absent in the Chinese Spring 
genome. The distribution of the scaffolds across the reference genome show a preference 
for the A and B subgenomes (36% and 37%, respectively, Table 3-3) over the D genome 
(27%). This result is likely related to the significantly lower genetic diversity found in the D 
genome. This characteristic of the D genome has been extensively documented and 
related to the continuous gene flow between tetraploid and hexaploid varieties compared 
to the limited gene flow between the diploid and hexaploid varieties (Lelley et al., 2000, 
Siedler et al., 1994, Bryan et al., 1997, Talbert et al., 1995, Paux et al., 2006, Akhunov et 
al., 2010, Brenchley et al., 2012, Lai et al., 2012b, Berkman et al., 2013a, IWGSC, 2014). 
Across homeologous chromosomes, group 7 contained a significantly larger fraction of 
new scaffolds, whereas group 1 contained fewer scaffolds than the rest of the 
homeologous groups. The placement of 30% of the additional scaffolds to chromosomes 
in the group 7 is puzzling. The fact that large continuous assemblies like the 3B 
chromosome, the 1DS chromosome arm or the 2BS and 5B chromosomes do not contain 
a similarly high number of assigned scaffolds (Table 3-3), discards the possibility of 
assembly quality as a factor influencing the placement of scaffolds. Additionally, the fact 
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that this distribution pattern remains constant for each individual sub-genome suggest that 
this distribution of additional scaffolds is not random. 
3.4.4 Annotation of the wheat pangenome 
 Annotation of the additional sequences was done following the same approach as 
the annotation of the wheat genome in the previous chapter. The annotation was 
supported by external evidence from aligned plant proteins, plant EST databases and 
RNA-seq data from the 11 cultivars for which it was available (Wang et al., 2014). This 
annotation strategy had been successfully applied in Chapter 2 to identify 98% of core 
eukaryotic genes and 97% of universal single copy orthologs. Putative genes without 
support from external sources were not considered for further analysis to prevent an 
overestimation of gene content in the variable genome. The lack of high quality alignments 
to known plant proteins (>90% similarity over >90% of the protein) prevented the 
identification of genes that had been split across different contigs. In total 21,459 gene 
models were annotated in the additional sequences assembled. This represents an 
increase of 15% in the number of genes and is comparable to results in other plant 
species (Golikz, 2016, Yao et al., 2015, Sun et al., 2017). Recent studies in plants have 
shown that the number of genes in a pangenome can be up to 30% higher compared to a 
single reference genome (Sun et al., 2017). The total gene content in a pangenome 
assembly depends on several factors including the number of genomes included on the 
analysis, the diversity of the samples analysed and the version of gene annotation used for 
the analysis. The first two factors have a direct correlation with the total number of genes, 
the more samples studied or the more diverse the samples analysed, the greater the 
number of genes detected. The correlation between the version of gene annotation used 
and the total number of genes is not so direct because annotation versions are 
continuously updated. For example, including unsupported gene models may artificially 
increase the total gene content, as would the addition of fragmented gene models. In the 
Brassica oleracea pangenome, 5,197 novel genes were found among the 9 cultivars 
analysed which represents an increase of 9% in the number of genes compared to the 
TO1000 reference genome (Golicz et al., 2016b, Golikz, 2016), whereas in rice, the total 
number of genes after sequencing 3010 rice varieties increased by 30% (Sun et al., 2017, 
Li et al., 2014b). An increase of 15% in the number of genes of the wheat pangenome is 
larger than the 9% observed in the B. oleracea pangenome and looks modest compared to 
the 30% observed in the O. sativa pangenome and can be explained by the intermediate 
number of samples included here. The total number of genes found here are probably an 
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underestimation of the gene pool in the 18 samples because genes that appear in only 
one or two samples are unlikely to be assembled by IDBA-UD due to their low coverage 
(Peng et al., 2012). Furthermore, the inclusion of more distant wheat varieties such as 
wheat landraces and European or American elite cultivars may increase the number of 
novel genes which are not found in the Australian germplasm and that contain adaptations 
to other environments, day-light cycles and resistance to different pathogens absent from 
the Australian mainland. 
3.4.5 The core and variable genomes of wheat 
To determine the extent and content of the wheat core and variable genomes we first 
determined the presence or absence status of individual genes in each of the 19 cultivars 
based on the horizontal coverage of their coding sequences. The method has been 
successfully used in different projects including the identification of 57 genes that were 
missing in at least one of the isolates of the canola pathogen Leptosphaeria maculans 
(Golicz et al., 2015b). It was also successfully used to detect the loss of the ethylene 
biosynthetic pathway in the seagrass Zostera muelleri (Golicz et al., 2015b) and in the 
identification and analysis of the core and variable genomes of Brassica oleracea, showing 
low rates of false-positive prediction (0.05) for genes present in contigs 1 Kb or larger, 
which correspond to 97% of the total number of genes annotated in the Brassica oleracea 
pangenome (Golikz, 2016, Golicz et al., 2016b). Based on the Lander-Waterman analysis 
(Lander and Waterman, 1988), the probability of missing a base in the 17 Gbp wheat 
genome with a sequencing depth of 10X is 5 x 10-5 which translates into 772 Kbp. Analysis 
using RNA-seq data of 11 of the 19 cultivars showed an average false-negative rate of 
0.7% which is slightly higher than the rate observed in B. oleracea or L. maculans. The 
higher error rate may be due to the more fragmented nature of the wheat pangenome. In 
the B. oleracea pangenome, including genes present in contigs smaller than 1 Kbp 
increased the error rate to values similar to those observed here (Agnieszka Golicz, 
personal communication). The fact that more than half of the wheat pangenome assembly 
is contained in scaffolds smaller than 1 Kbp made it impossible to use this filter to reduce 
the error rate. However, although this error may confound the boundaries between core 
and variable genomes by making some core genes appear to be variable, it does not 
fundamentally change the estimation of gene content in the pangenome, nor does it 
significantly change the estimated sizes of the core and variable genomes based on 
mathematical regression (Figure 3-4 and Figure 3-5). 
Chapter 3 Assembly and annotation of the wheat pangenome 
3-90 
 
Our results show that 64.3% of the genes in the wheat pangenome belong to the 
core genome and the remaining genes are part of the variable genome. These results are 
comparable to those found in the rice pangenome; where over 30% of the annotated 
genes in more than 3,000 rice accessions belonged to the variable genome (Sun et al., 
2017, Yao et al., 2015, Li et al., 2014b). However, these numbers differ from the results in 
B. oleracea and G. max in which nearly 80% of the annotated genes were assigned to 
their core genome (Li et al., 2014c, Golicz et al., 2016b). In maize, the size of the core and 
variable genomes has not been determined accurately. A first study using 6 inbred lines 
from different heterotic groups from China uncovered hundreds of genes with presence-
absence variation, but the large majority of the nearly 40,000 genes in the maize genome 
was considered core (Lai et al., 2010, Springer et al., 2009). However, a follow up study of 
more than 500 maize accessions, showed that nearly 50% of all the representative 
transcript assemblies (RTAs) were absent from the B73 reference genome (Hirsch et al., 
2014). The relative size of the core genome partially depends on the number of 
accessions included in the construction of the pangenome. Fewer genomes usually results 
in a pangenome with a higher content of core genes and as more genomes are added, 
more core genes are found to be affected by PAV. Similarly, the use of closely related 
varieties also results in a larger core genome due to the larger number of similarities 
between the samples. The results in the wheat pangenome could be caused by an 
interplay between the higher number of accessions compared to the 9 used for B. oleracea 
or the 6 accessions in the soybean, and a more complex genome structure which includes 
high content of orthologous genes and transposable elements. It is possible that some 
genes that legitimately belong in the core genome have been classified as variable due to 
a false-negative call. Yet, even correcting for the error rate in the PAV calling pipeline, the 
size of the core genome would not increase dramatically and this would not affect the total 
gene content estimated for the pangenome. 
3.4.6 The wheat pangenome is closed 
After modelling the pangenome expansion as a function of the number of genomes 
added using the average gene content of all possible genome combinations for each value 
of x (Figure 3-4) we found that the wheat pangenome is closed and estimate its upper limit 
corresponds to 140,500 genes. This is in agreement with previous findings in other plant 
pangenome projects and bacterial pangenome projects. Closed pangenomes are likely a 
reflection of the molecular mechanics involved in the origin of variable genes. In bacteria, 
lateral gene transfer is a major mechanism in the acquisition of new genetic material, 
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species with high rates of horizontal gene transfer tend to have larger pangenomes, and 
the fraction of their core genome tends to be smaller (Rouli et al., 2015, Tettelin et al., 
2008, Lapierre and Gogarten, 2009, Medini et al., 2005). Meanwhile, the origin of variable 
genes in plants is largely affected by gene loss, genome duplication followed by 
diversification and activity of transposable elements (Jin et al., 2016, Hirsch et al., 2014). 
Given these differences, it is expected that plant pangenomes are usually closed as has 
been seen in B. oleracea (Golicz et al., 2016b) and G. max (Li et al., 2014c). 
Modelling the pangenome expansion also allowed us to estimate the total gene 
content in the wheat genepool. The current estimation is based on closely related cultivars 
selected mostly from the Australian germplasm and does not necessarily reflect the gene 
content if other wheat germplasm were to be evaluated. Including more diverged wheat 
cultivars such as landraces or newly synthesised hexaploid wheat designed to harbour 
new genes from wild Ae. tauschii accessions. Including such divergent varieties would 
impact the pangenome size estimations by increasing the total gene content and probably 
reducing the core genome size. 
3.4.7 Local adaptation to pathogens and environment shape the wheat variable 
genome 
We have found that the wheat variable genome is enriched with genes involved in 
the response to biotic and abiotic stress and intracellular signalling pathways. The GO 
terms enriched are highly concordant with what has been found in the all other major plant 
pangenome studies done so far (Sun et al., 2017, Liu et al., 2016, Jin et al., 2016, 
Hardigan et al., 2016, Golikz, 2016, Yao et al., 2015, Li et al., 2014b, Gordon et al., 2014). 
In bacteria, the variable genomes confer selective advantages such as niche adaptation, 
antibiotic resistance, the ability to colonize new hosts and other pathogenic and virulence 
properties (Vernikos et al., 2015, Tettelin et al., 2008). Crop plant genomes have been 
strongly selected for agricultural production and therefore, their variable genes also 
contain characteristics that are advantageous for production, pathogen 
tolerance/resistance and adaptations to local weather patterns that differentiate them from 
cultivars in other geographical regions. Therefore, gene PAV contribute to the repertoire of 
genetic variants available to wheat for adaptation to local environments. These genetic 
differences have been found to be starker between distant landraces which are more 
specialised to narrow environmental conditions (Iwaki et al., 2001, Villa et al., 2005, Zeven, 
1998). Overall, the wheat variable genome adheres to this pattern of local adaptation to 
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pathogens and environmental conditions through human selection as is evident from its 
enrichment with defence response genes, environmental stress response and the 
molecular signalling pathways necessary to react to both. 
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4 Chapter 4: SNP diversity analysis of the wheat pangenome 
4.1 Introduction 
The construction of the wheat pangenome in the previous chapter offers the 
opportunity to explore the genetic diversity of wheat outside of the boundaries of a single 
cultivar reference genome. Such an approach would give us insights into the evolutionary 
forces that shape the characteristics of both core and variable genes. Marker discovery in 
the wheat pangenome and particularly SNP discovery would also be useful in the 
development of highly integrated high-density genetic maps that permit the anchoring of 
newly assembled sequences into a framework genetic map. Finally, this could also be 
used for the assessment of relatedness between the cultivars. 
The construction of the wheat infinium array (Bachlava et al., 2012) could be 
considered a first attempt to explore the diversity of the wheat pangenome. Its 
development included the de novo assembly of transcripts from many different elite 
cultivars and wild relatives and the identification of homologous gene clusters (HGCs) that 
were used for SNP discovery. However, the high level of paralogous and orthologous 
sequences present in wheat and the difficulty in telling them apart from true homologous 
clusters led to an overall increase in the false-posititve rate in SNP discovery. 
In rice, the pangenome sequence was used to identify nearly half a million SNPs and 
linkage disequilibrium was used to assign position to the SNP-containing contigs in the 
Nipponbare reference genome (Yao et al., 2015). In soybean, the assembly of wild 
soybean accessions led to the discovery of more than 4 million SNPs that were used to 
characterize the variable and core genes. They found that variable genes had a higher 
SNP density and a higher rate of non-synonymous and deleterious SNPs than the core 
genes (Li et al., 2014c). 
In wheat, several groups have produced genome wide markers and used them to 
characterize large populations of hexaploid, tetraploid and diploid wheat, get a better 
understanding of the phylogenetic relationships between different groups of wheat and find 
interesting candidates for gene introgresion into elite cultivars (Dvorak et al., 1988, Dvorák 
et al., 1993, Friebe and Gill, 1994, Plaschke et al., 1995, Heun et al., 1997, Dvorak et al., 
1998). 
Chapter 4: SNP diversity analysis of the wheat pangenome 
4-94 
 
RFLP were among the first genetic techniques used to characterize wheat 
populations. Kam’Morgan et al. (1988) used probes of α-amylase to construct a partial 
genetic linkage map for hexaploid wheat (Kam-Morgan, 1988). Similarly, Harcourt et al. 
(1991) found a highly polymorphic RFLP probe, PSR454, isolated from a random genomic 
library which showed up to 73% polymorphism in a single locus (Harcourt and Gale, 1991). 
In the late 1990’s and early 2000’s microsatellites and AFLPs were the preferred tools to 
study the phylogenetic and evolutionary relationships between wild and domesticated 
wheat as well as between elite cultivars developed during the green revolution and 
landraces (Plaschke et al., 1995, Ishii et al., 2001, Akbari et al., 2006, Akhunov et al., 
2010). 
The advent of next generation sequencing and the genomics era saw the exponential 
increase in the number of resequencing projects. Genome wide SNPs can now be 
identified and used for the characterization of hundreds of individuals through genotyping 
by sequencing. For example, the wheat SNP infinium array was generated from the 
consensus sequences of RNA-seq libraries from several cultivars (Wang et al., 2014). The 
use of RAD-seq genotyping by sequencing allowed identification of thousands of SNPs 
without the need of a reference genome and the construction of high density genetic maps 
for wheat and barley (Poland et al., 2012b). 
More recently, the completion of draft genomes of the wheat chromosomes 7A, 7B 
and 7D (Berkman et al., 2011b, Berkman et al., 2013a), allowed the identification of over 4 
million intervarietal SNPs in group 7 (Lai et al., 2015b), the largest SNP dataset identified 
prior to this project. This milestone is set to be surpassed with the recent release of 
several wheat genome assemblies (IWGSC, 2016a, Clavijo et al., 2016, Chapman et al., 
2015, Mayer et al., 2014) which will allow more efficient and cost-effective approaches to 
SNP discovery and genotyping of diverse germplasm. Nevertheless, it is the pangenome 
that will provide the largest sequence available for the SNP discovery of distant relatives 
whose genes are not present in any single-cultivar genome assembly. 
In this chapter, the SNP diversity of the 19 wheat cultivars is explored using the 
pangenome assembly as a reference. Then the distribution patterns of the SNPs in both 
the core and variable genes are characterized across the three subgenomes of wheat. The 
SNPs identified in this chapter are finally used to construct a high density genetic map that 
is useful for placing additional scaffolds in the context of the wheat pangenome and 
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assessing the relatedness of the cultivars through principal component and phylogenetic 
analysis. 
4.2 Materials and methods 
4.2.1 SNP discovery 
Raw reads from the 19 hexaploid wheat cultivars (Appendix I) were mapped to the 
reference pangenome assembled in the previous chapter with Bowtie2 v2.2.9 (Langmead 
and Salzberg, 2012) and standard parameters. Reads mapping with MAPQ < 20 were 
removed from the alignments with the module “view” of Samtools v 1.2.0 (Li et al., 2009a). 
The SGSautoSNP pipeline (Lorenc et al., 2012) was used to identify homozygous 
intervarietal SNPs requiring at least 2 reads per variant for SNP calling and one read per 
cultivar for genotyping. A minor modification was also used: bases with base quality (BAQ) 
below 20 were ignored for conflict resolution of intravarietal SNPs. 
4.2.2 SNP validation 
4.2.2.1 Comparison with the 90K Infinium array 
Flanking sequences of the 90K SNPs in the wheat Infinium array (Wang et al., 2014) 
were obtained and aligned to the wheat pangenome with the megaBlast module from the 
NCBI-Blast+ v2.2.30  package (Camacho et al., 2009). Only alignments greater or equal to 
99% sequence identity and with unique alignment positions in the pangenome were used 
for comparison. All other partial alignments and multiple alignments were not considered 
any further. Comparison was performed using the 90K infinium array as the gold standard. 
Using all common SNPs as the universe, the false-positive rate of SNP discovery was 
determined as the fraction of SNPs considered monomorphic in the infinium array. 
4.2.2.2 SNP distribution and Transition/Transversion (Ts/Tv) ratio 
SNP density was measured based on the total assembly size of each chromosome 
and compared between all chromosome groups. Transition-transversion ratios were 
calculated with SNP effector v 4.2 (Baets et al., 2012) in a chromosome-wise fashion.  
4.2.2.3 Effects of SNPs on the genes of the pangenome 
Wheat chromosome assemblies and annotations produced in chapters 2 and 3 were 
configured in the SNPeffector v4.2 (Baets et al., 2012) database as described in the 
reference manual (http://snpeff.sourceforge.net/SnpEff_manual.html). The effects of the 
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SNPs were measured only in the coding sequences (CDS) of the genes. The total number 
of synonymous, non-synonymous and deleterious SNPs per gene per chromosome were 
obtained from the final report. 
4.2.3 Construction of a genetic map using pangenome-wide SNPs 
Whole genome shotgun data from the SynOpDH population was downloaded from 
the NCBI SRA database (Chapman et al., 2015) (Appendix 1). Reads from the 90 double-
haploid individuals of the SynOpDH population were mapped to the wheat pangenome 
using Bowtie2 v2.2.9(Langmead and Salzberg, 2012). PCR clones and reads with low 
mapping quality (MAPQ ≤ 20) were removed from the alignments with Samtools v1.3 (Li et 
al., 2009a). Based on the SNPs found between the parents of the segregating population 
(OpataM85 and W7984), genotyping by sequencing (GBS) was used to determine the 
haplotypes of each offspring in the family. After GBS, the missing alleles were imputed 
based on the genotype of their flanking alleles, if and only if the same genotype was 
present on both sides of the missing alleles. Finally, SNP markers with similar segregation 
patterns in the population and located in the same scaffolds were merged into metaSNPs 
with a maximum of 1 recombination between the merged SNPs. MetaSNPs with 0 missing 
alleles were used to produce a framework genetic map of the wheat pangenome. MSTMap 
(Wu et al., 2008) was used on metaSNPs with no missing data. The map was constructed 
with the parameters shown in Table 4-1. Linkage groups with less than 50 members or 
less than 10 bins were not considered for further analysis. A reduced metaSNP dataset 
was selected by pooling one representative metaSNP from each bin in the framework 
genetic map. 
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Table 4-1. Parameters used in the construction of the genetic map with MSTMap 
population_type DH 
population_name SynOpDH 
distance_function kosambi 
cut_off_p_value 0.000001 
no_map_dist 10 
no_map_size 30 
missing_threshold 0.6 
estimation_before_clustering Yes 
detect_bad_data Yes 
objective_function ML.COUNT 
number_of_loci 109137 
number_of_individual 90 
 
4.2.3.1 Validation of the genetic map 
For every metaSNP in the framework genetic map, its chromosome of origin was 
used to measure the chromosomal enrichment of every linkage group and to assess the 
distribution of chromosome-specific metaSNPs across the linkage groups. The data was 
normalized based on either the total number of metaSNPs per linkage group for 
chromosomal enrichment or on the total number of metaSNP per chromosome assembly 
for the distribution of the metaSNPs. MetaSNPs from unplaced scaffolds were divided in 
two groups based on their assembly of origin: “BP” for those metaSNPs found in scaffolds 
of the 16 wheat varieties sequenced by Bioplatforms Australia; and “CH” for those found in 
the scaffolds of the SynOpDH parents OpataM85 and W7984. 
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4.2.4 Anchoring of unmapped scaffolds to the wheat physical map 
The reduced metaSNP dataset was used to construct broader genetic maps with 
lower quality SNPs by iterative map construction with MSTMap. These genetic maps were 
used to place and orient contigs and scaffolds based on the location of their SNPs. The 
algorithm for placement consisted of three main steps:  
1) Assignment of genetic position of the contigs/scaffolds: for every contig more than 
80% of the SNPs needed to be placed in the same linkage group. A weight was 
assigned to every SNP in the contig/scaffold based on the number of missing 
values in their genotype, the more missing values the lower the weight. A weighted 
average was used as a positional value of the contig/scaffold in the genetic map. 
2) Assessment of physical to genetic coherence: in sequences with more than one 
SNP, all SNPs with the highest quality and different genetic positions were used to 
determine a positional range of the contig in the linkage group. If the range of a 
contig overlapped the range of 2 or more contig bins in the same direction, the 
sequence with the largest range was removed. For contigs with 3 or more high 
quality SNPs with different positions in the genetic map their order in the physical 
map was required to be similar to their order in the genetic map, otherwise these 
sequences were removed from analysis. 
3) Placement and orientation: for all remaining contigs that had unique and non-
conflicting positions in the genetic map and had a coherent order of markers in the 
physical and genetic maps, orientation was assigned when possible (two or more 
SNPs required) and the pseudomolecules were constructed following the order of 
the contigs based on their weighted genetic position calculated in step 1. Contigs 
placed in the same position formed a contig bin. Where possible, contig-bins were 
further ordered based on synteny to Brachypodium distachyon. 
A custom program ContigMapper, was designed to implement these criteria using 
MSTMap results directly along with a table containing basic information on the SNPs. The 
program was written in GO and is available as a binary or as source-code in this address: 
https://github.com/jdmontenegroc/contigMapper. 
4.2.5 Principal component analysis of pangenome-wide SNP markers 
The libraries SNPrelate and gdsfmt (Zheng et al., 2012) from Bioconductor (R Core 
Team, 2014, Giovanni Parmigiani, 2003) were used to find the top 4 principal components 
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that explain the largest amount of variation in the pangenome SNP dataset. The SNP 
dataset was pruned to retain SNPs in relative linkage-equilibrium using the 
“snpgdsLDpruning” module with an LD-threshold of 0.2. Eigenvectors were calculated with 
the pruned SNP dataset and the top 4 principal components were used to generate a plot 
showing the distribution and dissimilarity measure (distance) of the 19 wheat cultivars 
analysed. 
4.2.5.1 Relatedness of the 19 wheat cultivars 
A dissimilarity matrix was calculated from the entire wheat pangenome SNP dataset 
using the snpgdsHCluster function of the SNPRelate package in Bioconductor. The 
module heatmap.2 from the package gplots (Gregory R. Warnes, 2015) was then used to 
cluster hierarchically the 19 cultivars based on their dissimilarity measure. Additionally, the 
programs vcf-tools (Danecek et al., 2011) and tabix (Li, 2011) were used to generate 
cultivar-specific sequences of the pangenome based on the SNP profile of each cultivar. 
The auxiliary program ‘gffread’ from the package Cufflinks (Trapnell et al., 2012) was used 
to generate cultivar-specific coding sequences (CDS). All the cultivar specific CDS were 
concatenated into one fasta sequence per cultivar. Variable genes missing from a cultivar 
were replaced by dashes in the alignment (“-“) to reflect a gap. These concatenated 
sequences were used as alignments for maximum likelihood estimation of a genetic tree 
with RAxML (Stamatakis, 2006) using 1000 iterations for bootstrap calculation. Also, 
binary matrices of gene presence-absence variations per cultivar were used for maximum-
likelihood estimation of phylogenetic trees with RAxML. 
4.3 Results 
4.3.1 SNPs in the wheat pangenome 
The diversity analysis of the wheat pangenome using 19 cultivars revealed the 
presence of over 36.4 million (36,413,491) intervarietal polymorphic SNPs. Of these, 2.91 
million (2,911,482) were found in scaffolds absent from the Chinese Spring reference 
genome and represent 8.5% of the total SNPs. These SNPs were evenly distributed 
across the genome but were more widely spread in all chromosomes from the D genome 
which exhibited a lower SNP density consistently across all homeologous groups ( 
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Figure 4-1). The SNP density in the unmapped sequences that were assembled in 
the previous chapter was higher than that found in most of the other chromosome arms, 
except for chromosome 2B. In all homeologous groups, the B genome exhibited a higher 
SNP density than the other 2 genomes, except for homeologous group 6 where 
chromosome 6A showed a higher SNP density. 
The number of transitions (Ts) and transversions (Tv) were also measured and their 
ratio (Ts/Tv) was calculated for all chromosomes. The pangenome Ts/Tv ratio was 2.37 
strongly driven by the Ts/Tv ratio found in the A and B genomes (Figure 4-2). Overall, the 
A genome showed a slightly higher Ts/Tv ratio than the B genome and both the A and B 
genomes had a significantly higher Ts/Tv ratio than the D genome in all the homeologous 
groups. The Ts/Tv ratio of the SNPs found in the unmapped assemblies was similar to that 
found for the entire wheat pangenome (2.36) and was closer to that found in the B genome 
than in either the A or D genomes. 
 
 
Figure 4-1.  SNP density across the wheat pangenome. For each homeologous group 
the SNP density per genome is shown with the following colour code: orange: A genome; 
yellow: B genome, green: D genome and brown: unplaced. For every homeologous 
group, SNP density in the D genome is always lower. 
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Figure 4-2. TsTv ratio of the wheat pangenome. The Ts/Tv ratio for the entire 
pangenome was 2.37 with the A genome having an overall higher Ts/Tv ratio, followed by 
the B genome and both significantly higher than the D genome. 
 
 
4.3.1.1 Validation with the 90K Infinium array 
The SGSautoSNP (Lorenc et al., 2012) calls were compared to the SNPs from a 
recently published Infinium array (Wang et al., 2014). A total of 13,541 Infinium SNPs were 
identified as having matches at the same position as the SGSautoSNP calls. Out of these 
59.8% were identified as polymorphic single locus, 36.4% as polymorphic multilocus, while 
3.7% were monomorphic. Taken together 96.2% of the SNPs were validated as 
polymorphic by comparison with the Infinium array. Also, for every SNP loci analysed, the 
list of alleles were similar between the SGSautoSNP calls and the Infinium array. 
4.3.2 Effects of the SNPs on the core and variable genomes 
The majority of SNPs were found in intergenic regions and only 392,557 (1%) SNPs 
were located in coding regions. Of these, 225,310 (57.4%) are predicted to be non-
synonymous mutations that could result in a potentially different functional protein. The 
ratio of non-synonymous to synonymous SNPs was 1.39 mostly driven by the results in 
group 7 chromosomes and the unmapped scaffolds assembled in Chapter 3. However, no 
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significant difference was found between the Non/Syn ratio of the different genomes or 
homeologous groups. 
 
Figure 4-3. Non-synonymous to synonymous ratio in the wheat pangenome. The 
horizontal axis shows the 7 homeologous groups and the unmapped scaffolds assembled 
from unmapped reads of Chapter 2. The Missense-silent ratio for the entire pangenome 
was 1.39 with a maximum on chromosome 7B (1.64) and a minimum on 6D (1.19) 
 
 
An analysis of the effects of SNPs on core and variable genomes showed that the 
variable genome has a higher SNP density (3.08 SNPs/gene) than the core genome (2.78 
SNPs/gene). A decomposition by the effect of the SNPs on both datasets revealed a much 
higher non-synonymous SNP density in the variable genome (1.75) compared to the core 
genome (1.50). Whereas the SNP density of silent mutations and non-sense mutations 
also increased slightly, the largest increase was found in the SNP density of non-
synonymous SNPs. This also affected the non-synonymous to synonymous SNP ratio with 
a higher ratio in the variable genome compared to the core genome (Figure 4-4). 
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Figure 4-4. Effects of SNPs on the core and variable genomes. Overall, the variable 
genome had a higher SNP density and a greater Non/Syn ratio. The rate of frequency of 
non-synonymous SNPs was higher in the variable genome whereas the synonymous and 
non-sense SNPs were roughly similar in both groups. 
 
 
4.3.3 Construction of a genetic map using pangenome-wide SNPs 
The SynOpDH population consists of 90 F1-derived double haploid individuals from 
the cross between OpataM85 and W7984. This mapping population was genotyped and 
used to build a genetic map of the wheat pangenome. After identification of SNPs between 
the 19 wheat cultivars, 11,001,655 polymorphic SNPs between the parental cultivars were 
used to genotype the SynOpDH population. The segregation data was imputed and 
merged into 2,237,807 metaSNPs. All metaSNPs with no missing data (109,137) were 
used to construct a framework genetic map of the wheat pangenome. Ninety-nine percent 
of the metaSNPs (108,808) were placed in one of 21 large linkage groups. The genetic 
map had a total length of 8,437 cM and contained 4,632 recombination bins. A total of 
4,562 metaSNPs from unmapped contigs (27 from SynOpDH and 4535 from Bioplatforms) 
were also included in the genetic map and placed in the 21 linkage groups. This 
represents 98.1% of the unplaced metaSNPs used in the construction of the framework 
genetic map. 
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To estimate the accuracy of the genetic map two analysis were performed: first, the 
distribution of chromosome-specific SNPs across the linkage groups was assessed to 
determine if SNPs from a single chromosome showed a significant presence in more than 
1 linkage group. For each of the 21 chromosome specific SNPs, over 99% of the sets were 
clustered in a single linkage group. The SNPs from unmapped scaffolds (BP and CH) were 
distributed evenly across all linkage groups with no particular preference for one or 
another (  
Figure 4-5). This result demonstrates that SNPs from any single chromosome belong 
together in the same linkage group and are not separated into different groups.  
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Figure 4-5. Heatmap of the distribution of chromosome specific SNPs across the 21 
largest linkage groups. The SNPs from every chromosome arm were clustered in single 
linkage groups with 98% purity. SNPs from the the unmapped scaffolds (BP and CH) 
were evenly distributed across the 21 linkage groups. 
 
 
Similarly, the chromosome-specific enrichment of every linkage group was assessed 
to find out if a linkage group contained a significant amount of SNPs from different 
chromosomes. In every linkage group, the percentage of SNPs found to be from a single 
chromosome ranged from 88.6% in lg246 to 98.8% in lg239 with an average of 95%. 
Excluding the SNPs from unmapped scaffolds from the analysis, resulted in an increased 
enrichment of all linkage groups to an average of 99.9% that ranged from 99.4% in lg 242 
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to 100% for lg258, lg253, lg259 and lg 254. These results show that the linkage groups 
contain SNPs exclusively from one single chromosome arm and not a single linkage group 
contains a significant amount of markers from a different chromosome, although some of 
them do contain a significant amount of unmapped SNPs (Figure 4-6). 
Taken together, these results show the high accuracy of SNP assignment to the 
genetic map where every linkage group contains nearly all the SNPs from a single 
chromosome and do not contain SNPs from any other chromosome as shown in Figures 5 
and 6. The high accuracy obtained in the genetic map allows the unequivocal assignment 
of a chromosome to a linkage group. Furthermore, this genetic map can be used to 
determine the position of unmapped SNPs in relation to previously placed SNP markers. 
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Figure 4-6. Enrichment of linkage groups with chromosome-specific SNPs. Every linkage 
group contains markers exclusively from a single chromosome-specific SNP dataset. The 
fraction of SNPs from unmapped scaffolds in the pangenome assembly (BP and CH) is 
small compared to the number of SNPs found in chromosome-specific assemblies. No 
linkage group shows presence of a significant amount of markers from different 
chromosomes. 
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4.3.4 Anchoring of unmapped scaffolds to the genetic map 
The framework genetic map constructed in the previous step was used to generate a 
minimal high quality SNP dataset that included one representative of every recombination 
bin to a total of 4632 metaSNPs. The minimal subset was used to place the remaining 
106,076 metaSNPs from the unmapped scaffolds in the framework genetic map. In total, 
78,517 metaSNPs (77.4%) could be placed in one of the 21 linkage groups. The other 
22.6% were not placed in the genetic map either due to a high number of missing values 
(more than 40% of missing data) or due to placement in smaller 2 or 3 member linkage 
groups that were discarded from the analysis. This genetic map facilitated the placement 
of 50,035 novel scaffolds that had not been previously placed in the wheat pangenome. 
Along with the scaffolds placed by read pair information in the previous chapter, a total of 
117,059 scaffolds have been placed in one of the 21 pseudomolecules. These scaffolds 
represent 52.7% of the additional scaffolds assembled in Chapter 3 that were absent in the 
Chinese Spring reference genome. 
4.3.5 PCA analysis of the SNP dataset 
The 36.4 million SNP dataset was analysed chromosome by chromosome to 
generate a subset of SNPs that was representative of the entire dataset based on LD 
values of markers within a window of 50 Kbp. A total of 190,456 SNPs were selected as 
being in relative linkage equilibrium (LD ≤ 0.2) and a Principal Component Analysis (PCA) 
of this data set was performed. 
Only the top four principal components (PCs) were analysed because they explained 
a variation larger than 5% and together explained 36.8% of the total SNP variation found in 
the subset (12.5%, 8.5%, 8.1%, and 7.7% for each PC respectively). As shown in Figure 
4-7, most cultivars analysed were clustered together in close proximity regardless of the 
combination of principal components used to plot them. However, some cultivars did 
behave differently depending on the PCs used and were not clustered with the rest of 
cultivars. For example, when PC1 is used W7984 is the most divergent sample, whereas 
for PC2, it is Xi1 (Figure 4-7 and Figure 4-8). Similarly, when PC3 is used, cultivar Alsen 
appears to be the most divergent, whereas for PC4, it is Volcani the clearest outlier (Figure 
4-7 and Figure 4-9). Figure 4-8 and Figure 4-9 have been enlarged to better appreciate 
this behaviour. These results provide evidence that at least 4 cultivars W7984, Xi’1, Alsen 
and Volcani had a different behaviour than the rest of the samples depending on the 
principal component selected for the analysis. 
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Figure 4-7. Principal component analysis of the subset of SNPs in the wheat 
pangenome. The top 4 principal components (eigenvectors) explain 36.8 % of the total 
SNP diversity found int the SNP dataset. Most of the samples clustered together in all the 
plots regardless of the combination of PCs used. However, the varieties that bahaved like 
outliers did depend on the combination of PCs plotted. 
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Figure 4-8. Plot of the top 2 principal components (eigenvectors) representing 21% of the 
total variance in the SNP dataset. All samples appear clustered except for W7984 and Xi-
1 which appear to form separate cluster. 
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Figure 4-9. Plot of principal components 3 and 4 which explain 16.6% of the total 
diversity in the SNP dataset. Most of the samples appear clustered, but Volcani and 
Alsen, which appear to each form their own cluster away from the main cluster. This 
shows a different distribution and relationship between the samples. 
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4.3.6 Relatedness of wheat cultivars 
A dissimilarity matrix was produced from the pangenome SNP data and revealed 
pairwise distances that ranged from 0.12 between RAC and Gladius to 0.54 between BX-1 
and W7984. Figure 4-10 shows a distance sorted heatmap and dendrogram inferred from 
the entire wheat pangenome SNP database. W7984 appears as the most divergent 
cultivar compared to all others with an average distance of 0.5 to all others samples 
compared to an average 0.27 between all other samples. Volcani is the second most 
divergent cultivar and is placed at the root of the internal clade. 
 
Figure 4-10. Dissimilarity matrix and dendrogram of the 19 cultivars. The color scale 
goes from red = 0 distance (identical genotypes) to white = 1 distance (completely 
different genotypes). On the left side of the dissimilarity matrix there is a dendrogram 
produced by hierarchical clustering and neighbour joining. W7984 is the sample with the 
highest average distance from all other samples in this set (0.5). 
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Based on the SNP data, 19 cultivar-specific genomes were generated and their 
specific coding sequences and protein sequences were extracted. The CDS of all genes 
were concatenated and the concatenated sequences were used for the construction of the 
phylogenetic tree shown in Figure 4-11. Cultivars W7984, Alsen and Volcani were the 
most divergent samples in the dataset in decreasing order of divergence. The remaining 
samples form a single monophyletic group. The internal monophyletic group was further 
subdivided in three groups: The Chinese Spring group which contains Kukri, Yp-1, Xi-1, 
Westonia, ABC and Chinese Spring; the Wyalkatchem group which contains CH7, BX1, 
H45, Wyalkatchem, OpataM85, Drysdale and Pastor; and the Gladius group which 
contains Gladius, RAC and Excalibur. Some nodes had little bootstrap support, particularly 
the node that splits the Wyalkatchem and Chinese Spring groups (bootstrap = 12). 
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 Figure 4-11. Phylogenetic tree of the cultivar-specific CDS of the all genes. W7984 was 
found to be an outlier in this panel of wheat cultivars. All the rest form a single 
monophyletic clade which has Alsen at its root. Two additional monophyletic clades can 
be observed, the Chinese Spring clade and the OpataM85 clade. 
 
 
Finally, a binary matrix of presence (1) - absence (0) variation of all genes in the 
wheat pangenome, was used to reconstruct an unrooted phylogenetic tree of the 19 
cultivars. As shown in Figure 4-12, Chinese Spring appears at the root of the tree with a 
large distance to all others cultivars. This distance is supported by the large number of 
uniquely present and absent genes compared to all other 18 cultivars. The bootstrap 
values range from 5 to 100. All cultivars but Chinese Spring and ABC form a single 
monophyletic group, although the resolution of the internal nodes has little support from 
the bootstrap values. 
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Figure 4-12. Phylogenetic tree based on gene presence-absence variation. Chinese 
Spring appears as the most distant cultivar followed by ABC. The remaining cultivars 
form a single monophyletic group, although many of the internal nodes have little support 
from bootstrap values which range from 5 to 100. 
 
 
4.4 Discussion 
In this Chapter we have used all available whole genome shotgun data publicly 
available to identify over 36.4 million intervarietal SNPs across the entire wheat 
pangenome. This includes over 2 million SNPs identified in newly assembled contigs that 
were not present in the Chinese Spring genome. The polymorphic nature of the SNPs 
found was confirmed by comparison with a recently published 90K Infinium SNP array for 
wheat (Wang et al., 2014). The characteristics of the SNP distribution in the pangenome 
were explored. This is the largest SNP database available for wheat and it includes nearly 
400K SNPs placed in coding sequences that could prove useful in marker assisted 
selection and genome wide association studies. These SNPs have been used to build a 
high density wheat genetic map that provided evidence for the placement and orientation 
of additional scaffolds of the pangenome into a reference sequence. Finally, the 
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relatedness and population structure of the 19 wheat cultivars was investigated based on 
the recently identified SNPs and gene PAVs found in the previous chapter. 
4.4.1 Construction of a high quality pangenome-wide SNP database  
Over 36.4 million polymorphic intervarietal SNPs were identified in the wheat 
pangenome sequence using the SGSautoSNP approach (Lorenc et al., 2012). This 
protocol was developed by Lorenc et al (2012) and was specifically designed for the 
identification of homozygous intervarietal polymorphic SNPs in complex genomes and with 
incomplete reference sequences with a SNP validation rate greater than 95%. Lorenc 
realized that the main challenge in SNP calling of complex and incomplete reference 
genomes is the presence of nearly identical sequences that have not or could not be 
properly represented in the genome sequence. The reads generated from these regions 
cannot be easily differentiated and could produce false heterozygous SNP calls (Hayward, 
2012). This is particularly true for allopolyploid species in which homeologous or 
paralogous loci may have diverged little enough for the reads to be cross mapped. This 
pipeline was used by Lorenc et al (2012) in the discovery of over 800 thousand 
intervarietal SNPs in the homeologous group 7 of wheat (Lorenc et al., 2012) from whole 
genome shotgun data of four wheat cultivars. Lai et al (2015) further expanded the number 
of cultivars used for the discovery of SNPs in group 7 and identified over 4 million SNPs 
(Lai et al., 2015b). In this chapter, the original protocol was slightly modified to allow the 
use of a much larger reference. The original method used the Soap2 Aligner (Li et al., 
2009c) which offered the option of keeping only uniquely mapping reads. Unfortunately, 
Soap2 was unable to handle reference sequences as large as the wheat pangenome. 
Therefore, the aligner Bowtie2 (Langmead and Salzberg, 2012) was used instead and 
additional filters were applied to ensure that only high quality alignments would be 
considered for SNP calling. Unpaired reads and read pairs with a mapping quality below 
20 were removed from the alignments. Also, a base quality filter was included in the SNP 
calling step, where nucleotides below a quality value of 20 were not considered in the 
alignment. Previously, nucleotide quality had been ignored for genotyping due to the 
frequency of high quality erroneous nucleotide calls in the reads (Lorenc et al., 2012). The 
filter applied here aims only to remove low quality nucleotides that are expected to be 
erroneous and prevent the pipeline from ignoring otherwise homozygous SNPs. To ensure 
that SNPs identified with this modified approach were as good as those obtained following 
the original protocol, we validated them by comparing them to the 90K SNP infinium array 
(Wang et al., 2014). The validation found that 96.2% of the 13,541 common SNP loci were 
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polymorphic. This is slightly higher than the validation of the original protocol where Lai et 
al (2015) found 94% of the SNPs as polymorphic in the 90K Infinium array (Lai et al., 
2015b). The fact that only 13,541 SNP loci from the Infinium array could be found in the 
dataset is a direct consequence of the SNP discovery methodology used by SGSautoSNP. 
Each probe in the Infinium array had an average of 6.3 hybridization sites and a median of 
3 sites. The SGSautoSNP protocol explicitly discards reads with multiple equally scoring 
mapping positions which tend to occur in both homeologous or paralogous loci and nearly 
identical repeats and which might appear as false heterozygous SNPs due to the reads 
cross mapping between the loci or being forced into a collapsed repeat in the assembly. 
For this reason, many of the loci in the Infinium array may not have been picked up by 
SGSautoSNP.  
The use of the wheat pangenome as the basis for SNP discovery has the added 
benefit of including sequences that would have been missed if a single cultivar reference 
had been used. The pangenome, not only increases the fraction of reads properly mapped 
to the reference as shown in Chapter 3, but can also be reliably used for genotyping more 
diverse wheat cultivars, landraces or wild tetraploid and diploid relatives to assess their 
utility in wheat breeding (Reif et al., 2005). Furthermore, the additional sequences present 
in the pangenome can improve the accuracy of the read mapping, by correctly mapping 
reads that otherwise would have been forced into a different locus causing a decreased 
sensitivity due to an increase of alignment conflicts that prevent the pipeline from calling 
SNPs. 
The SNP density found in the wheat pangenome was similar to that found in the 
study of over 800 thousand and 4 million SNPs found in the homeologous group 7 of 
wheat where the number and density of SNPs in the A and B genomes were higher than in 
the D genome. (Lorenc et al., 2012, Lai et al., 2015b). Previous studies had shown a 
similar decreased diversity in the D genome compared to the A and B genomes. A study of 
359 intronic SNPs in two diverse wheat panels found a ratio of polymorphic information 
content (PIC) between the A/B and the D genome of 1.7 and 1.9, highlighting the lower 
diversity found in the D genome (Chao et al., 2009). Similarly, 1,102 EST unigenes from 
32 lines that included wild emmer, domesticated emmer, cultivated durum and aestivum 
germplasm were compared and 5,471 SNPs at 1,791 loci were found. Distribution of 
intravarietal SNPs in the 32 lines also found that the D genome of T. aestivum exhibited 
fewer haplotypes compared to the A and B genomes. Nevertheless, the number of 
haplotypes in the D genome of synthetic hexaploid wheats did not show a similar drop in 
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genetic diversity (Akhunov et al., 2010). Another study by Allen et al (2015) showed that 
the number of SNP markers in a framework genetic map of hexaploid wheat were in 
asymmetrical proportions of 30:50:17 for the A, B and D genomes respectively (Allen et 
al., 2011) which is also supported by our observation of a greater SNP density in the B 
genome compared to the A and D genomes ( 
 
 
Figure 4-1). 
Comparison of RFLP marker diversity between the wild populations of Ae. tauschii 
and the D genome of hexaploid wheat shows that the former contains greater diversity 
(Caldwell et al., 2004) suggesting a limited gene flow between them. These results 
together with the description of pentaploid hybrids between hexaploid wheat and tetraploid 
wheat (Dvorak et al., 2006) and the low fertility rate observed between hexaploid wheat 
and diploid Ae. tauschii (Dvorak et al., 1998) led to the hypothesis that the low genetic 
diversity found in the D genome of hexaploid wheat is mostly driven by the little gene flow 
between the wild Ae. tauschii populations and the hexaploid wheat populations.  
A more recent hypothesis tries to explain the differences in the diversity between the 
three subgenomes based on subgenome dominance after the polyploidization events 
(Pont et al., 2013). This hypothesis is based on the observation that there is a significant 
difference in the diversity content not only between the D and A/B genomes, but also 
between the A and B genomes, with B being the most diverse, followed by A and D. Pont 
et al (2013) found a similar pattern of genetic plasticity (B > A > D) after analysing paleo- 
and neo-polyploidization events using conserved orthologous sequences (COS) (Pont et 
al., 2013). In their hypothesis, after the first hybridization to form tetraploid wheat, the A 
genome took the dominant role over the B genome allowing greater freedom of mutation of 
the latter. Similarly, after the second polyploidization, the D genome took the dominant role 
allowing the A and B genome greater plasticity. This hypothesis is supported by the 
observation of biased genetic erosion during domestication (Cavanagh et al., 2013) an 
observation that has been supported by the study of metabolic networks in the wheat 
group 7 reference sequences (Berkman et al., 2013a). The differential SNP density found 
between the A and B genome could be explained by the genome dominance hypothesis, 
where the dominance of genome A in the original tetraploid restricted the plasticity of the A 
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genome and such effect is still visible in the hexaploids derived from those tetraploids. 
Now, the dominant role is played by the D genome and thus has a restricted plasticity 
compared to the other two. 
The transition-transversion ratio found here (2.37) is higher than that reported by Lai 
et al (2015) (Lai, 2015) or by Winfield et al (2012) who found a Ts/Tv of 1.81 (Winfield et 
al., 2012), but it was similar to that found by Wang et al (2014) who found a Ts/Tv of 2.5 
(72% transitions and 28% transversions) (Wang et al., 2014). Another interesting 
observation was the differential transition – transversion ratio found between the 
subgenomes which is preserved in the seven homeologous groups. The ratio is 
significantly lower in the D genome than in the A and B genomes and is concordant to 
previous findings by Lai et al (2015) which also observed a similar pattern in the analysis 
of homeologous group 7 (Lai et al., 2015b, Lai, 2015).  
It has been suggested that the transition – transversion ratio can be considered an 
evolutionary footprint of methylation (Buckler and Holtsford, 1996), since transitions occur 
more often in highly methylated regions through the spontaneous deamination of 5-
methylcytosine (Coulondre et al., 1978). Differential methylation between the subgenomes 
has been proposed to be a possible cause of the differential transition - transversion ratio 
(Lai, 2015). In that model, the A and B genomes which underwent two rounds of 
polyploidization, compared to one round for the D genome, would have accumulated more 
methylated cytosines, which are prone to mutation via deamination. Methylation 
remodelling has been reported to occur in synthetic allopolyploids shortly after 
hybridization in Brassicas (Lukens et al., 2006a, Xu et al., 2009), in Spartina spp (Salmon 
et al., 2005) and in wheat (Shaked et al., 2001). However, these changes include 
demethylation and de novo methylation and do not necessarily result in an overall increase 
in the methylation levels of the homeologous genomes (Shaked et al., 2001). Furthermore, 
a recent study of genome-wide methylation patterns in hexaploid wheat found similar 
levels of cytosine methylation in the three genomes with 69% of all methylated loci being 
equally methylated in all three genomes, 15% equally methylated in any two subgenomes 
and 16% were methylated in a single subgenome (Gardiner et al., 2015). Taken together, 
these studies do not support the idea that increased methylation occurs after 
polyploidization and thus the differential transition – transversion ratios between the 
subgenomes cannot be directly attributed to the extra polyploidization round of the A and B 
genomes.  
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The non-synonymous to synonymous ratio found in the wheat pangenome was close 
1.4 (ranging from 1.2 to 1.6). Similar ratios have been reported previously in soybean 
where the authors found a whole genome ratio of 1.36 (Lam et al., 2010) and rice, where 
55% of the SNPs in coding regions were non-synonymous (Arai-Kichise et al., 2011). 
Sequencing of 21 genes in 26 diverse wheat landraces and released cultivars showed that 
50% of the genes did not contain any polymorphisms, but those that did, contained twice 
as many non-synonymous SNPs than synonymous SNPs (Ravel et al., 2006). The 
development of the 90K Infinium array for wheat revealed a much lower ratio where 
synonymous SNPs were far more abundant (Wang et al., 2014). However, validation of 
these SNPs has been relatively low (73%) compared to the SGSautoSNP pipeline which 
has a validation of 94% (Lai et al., 2015b, Lai, 2015, Lorenc et al., 2012). 
The dominance of non-synonymous SNPs in some domesticated species has been 
proposed to be linked to relaxed selective constrains in the field compared to the wild (Lu 
et al., 2006). Human selection would interfere with natural selection in two ways: first by 
reducing the effectiveness of recombination in a population through inbreeding, and 
second by selecting for few traits of agronomical importance, while not selecting against 
deleterious mutations that may be part of the same selected genome. This effect has been 
studied in soybeans and helps explain the unexpected high rate of non-synonymous to 
synonymous SNPs in domesticated soybeans. The evolutionary history of hexaploid wheat 
fits this model well, as it appeared only as a domesticated hybrid and mostly reproduces 
via selfing, both of which reduce recombination effectiveness and increase the chances of 
maintaining deleterious mutations via relaxed selection constrains. Furthermore, its 
polyploid nature further decreases selection constrains on homeologous genes in such a 
way that complete deletion of homeologous loci has been reported in the early stages of 
newly synthesized wheats (Kashkush et al., 2002, Li et al., 2015a). 
The use of the pangenome sequence for SNP discovery also allowed the 
characterization of the core and variable genes. It was observed that the variable gene set 
contains a higher SNP density mainly driven by a higher ratio of non-synonymous SNPs 
(Figure 4-4). Similar results have been observed in the Brassica oleracea pangenome 
(Golikz, 2016, Golicz et al., 2016b), the soybean pangenome (Li et al., 2014c) and rice 
(Yao et al., 2015, Li et al., 2014a, The 3000 Genome Project, 2014). It has been proposed 
that weaker purifying selection or greater positive selection may be the main determinants 
of the patterns and distribution of SNPs in the variable genome. In hexaploid wheat most 
of the sequence diversity appeared through gene flow from close relatives (Reif et al., 
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2005, Haudry et al., 2007, Akhunov et al., 2010) so it is more likely that a weaker purifying 
selection affected the majority of genes and that greater positive selection only affected 
genes directly linked with specific traits. Variable genes, which appear to be enriched with 
functions associated with responses to biotic and abiotic stress (Figure 3.5) are usually 
more diverse than other functional categories (Tatarinova et al., 2016) and this diversity 
may have been kept in the wheat germplasm because it conferred important traits like 
disease resistance and climate adaptability. 
4.4.2 A high quality framework genetic map of the pangenome allows the 
anchoring of novel sequences to a pseudomolecule 
In this chapter, the utility of pangenome-wide SNPs is shown by the construction of a 
high density genetic linkage map and its use in the placement and orientation of newly 
assembled contigs into pseudomolecules. The framework genetic map constructed with 
nearly 110 thousand high quality polymorphic SNPs produced 21 large linkage groups as 
expected in hexaploid wheat (n = 21). An assessment of the origin of the SNPs in every 
linkage group (LG) showed that each LG was enriched with SNPs from a single 
chromosome assembly (Figure 4-6). Additionally, an assessment of the distribution of the 
SNPs across the 21 LGs showed that most of the SNPs from a chromosome assembly 
were concentrated in single linkage groups except for SNPs in newly assembled contigs (  
Figure 4-5). The Chinese Spring reference genome was constructed in a 
chromosome-wise fashion (see Chapter 2) using chromosome sorted DNA for the library 
preparation and sequencing (Mayer et al., 2014). The fact that the SNPs in these 
chromosome assemblies were clustered together and assigned to the same linkage 
groups confirms the accuracy of the genetic map constructed in this chapter and its 
possible use in map-based gene landing, QTL analysis and chromosome anchoring. 
Furthermore, the SNPs identified in newly assembled contigs that were absent from the 
Chinese Spring genome (Chapter 3) were evenly distributed across all linkage groups, 
suggesting that their contigs of origin were equally evenly distributed across the genome. 
The SynOpDH population had been previously used in the assembly of the synthetic 
wheat W7984 genome (Chapman et al., 2015). In their study, Chapman et al (2015) used 
the “Bubblecluster” algorithm (Strnadova V, 2014) to quickly assign linkage groups to 
millions of SNPs and then used the POPSEQ approach (Mascher et al., 2013) to assign 
positions to those contigs in the pseudomolecules. The framework genetic map produced 
for that study contained 112 thousand SNPs and had a total length of 2,826cM in 1,335 
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recombination bins. That is smaller than the genetic map constructed in this chapter and 
also smaller than many other genetic maps produced for several wheat mapping 
populations (Song et al., 2005, Quarrie et al., 2005, Semagn et al., 2006, Li et al., 2007, 
Xue et al., 2008, Poland et al., 2012b, Torada et al., 2006, Wu et al., 2015, Li et al., 2015c, 
Li et al., 2015b, Wang et al., 2014). Overall, these maps had a length ranging from 
3,000cM to 4,500cM in 1,500 to 2,500 recombination bins. The genetic map generated in 
this chapter is 8,437cM long in 4,532 recombination bins, nearly twice as large as those 
previously constructed.  
The length of a genetic map is affected by different factors including the size of the 
mapping population (Ferreira et al., 2006), the density of the markers or their distribution 
along the genome. The different map sizes found between the study by Chapman and the 
map presented in this chapter can be explained by the combined effects of a smaller 
population size which reduces the chance of discovery of more recombination events 
between the markers and distortion of the marker distribution. Chapman et al (2015) used 
only 78 of the 90 individuals of the population due to evidence of large-scale deletions in 
12 samples, whereas the current map was constructed with information from all 90 
individuals. The inclusion of individuals with these deletions affected neither the accuracy 
nor the resolution of the genetic map. Even though the number of SNPs used in the 
construction of both maps was similar, Chapman et al (2015) selected the SNPs based on 
one condition: these should be present in scaffolds with 3 or more co-segregating SNPs. 
This selection may have affected the distribution of the SNPs used for the construction 
genetic map by using SNPs that were more closely clustered in the genome and were thus 
less prone to recombination. In contrast, the SNPs selected for this chapter were chosen 
on the condition of 0 missing data points. This condition was achieved first by the 
imputation of missing alleles based on the surrounding known alleles in a single contig and 
second, by merging highly similar consecutive SNPs in the same contig into consensus 
metaSNPs. Both steps, greatly decrease the amount of missing data in the SNP dataset. 
The use of SNPs more evenly spread across the genome increases the chances of 
detecting recombination events that would not be detected with a more skewed SNP 
sampling. It is also possible that the larger map length is due to oversampling of 
recombination hotspots which lead to an overestimation of genetic distances between the 
SNPs. However, the fact that both maps have a similar density of 1 recombination bin 
every 2 cM suggests that this is not the case. 
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4.4.2.1 Use of the genetic map for anchoring new scaffolds 
The genetic map was used for the anchoring of additional sequences assembled in 
the previous chapter to specific positions in the chromosomes. This was achieved through 
a protocol proposed here that attempts to balance a high accuracy of placement while 
including as many contigs as possible. The guiding principle is that all SNPs in a contig 
provide clues about the orientation and placement of the contig, but markers with fewer 
missing data points are more accurate and thus should have a greater effect in the 
calculation of the final position and orientation of the contig. That is why the first step is the 
calculation of a weighted position in the genetic map. The second step attempts to remove 
contigs with unusually long genetic distances between their SNPs. If a single contig 
occupies more than one recombination bins and spanned the space of more than one 
contigs in the genetic map, then it was likely that the contig was either incorrectly 
assembled or incorrectly genotyped. Either way it could not be reliably anchored in a 
specific position of the genetic map. The final step uses the coherence between the 
genetic and the physical position of SNPs within a contig to orient the contigs in the 
genetic map. This step relies in relative position of SNP in the contig and in the genetic 
map. All the SNPs in a single contig should either belong to the same recombination bin or 
should have a similar order in both the genetic map and the contig. If the order was 
different, the contigs were not oriented within the pseudomolecule. 
This approach allowed us to anchor an additional 50,000 scaffolds which represents 
approximately 25% of the newly assembled scaffolds of the pangenome. Because the 
genetic map is based on the SynOpDH population which was produced from OpataM85 
and W7984, it is unlikely that it could be used to anchor scaffolds that were not present in 
either of those cultivars. Removing the 11,199 scaffolds unique for OpataM85 and W7984, 
the remaining 40K scaffolds anchored to the reference pangenome were also present at 
least in one cultivar other than the parental varieties and represent a 17% of all the newly 
assembled scaffolds of the pangenome. Given the accuracy of the genetic map used for 
placement of these scaffolds, it is unlikely that there are many misplacements in the 
current version of the pangenome assembly.  
A similar approach, POPSEQ, has been proposed and successfully used in complex 
genomes including barley (Mascher et al., 2013) and wheat (Edae et al., 2015, Chapman 
et al., 2015). It also relies on the construction of a framework genetic map for placement of 
the contigs, but it does not attempt to order them within the pseudomolecules. The 
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POPSEQ approach requires the use of high quality SNPs with very few missing data 
points per SNP and several cosegregating SNPs per contig for placement. In an assembly 
as fragmented as the one presented in Chapters 2 and 3, such an approach would ignore 
the great majority of the contigs with SNP information, since the rate of missing data is 
high and due to their small size, they have few SNPs. The high rate of missing data in the 
population is due to the low coverage of the samples which, after read mapping averaged 
0.5X. Moreover, the imputation step and the consensus calculation requires at least 3 and 
2 SNPs per contig to decrease the amount of missing data and that condition was not met 
by the majority of contigs which contain one single SNP. 
4.4.3 W7984 is the most diverged cultivar in the dataset 
The pangenome SNP data was used to estimate the structure and relatedness of the 
samples. Principal Component Analysis (PCA) showed that there was not much diversity 
between the samples as is expected in wheat (Huang et al., 2002b, Cavanagh et al., 
2013). However, some cultivars exhibited quite different behaviours from the others 
(W7984, Xi-1, Alsen and Volcani) depending on the principal component investigated. 
While this may suggest the existence of stratification in the sample, the small sample size 
prevents us from drawing a definitive conclusion (Figure 4-7 and Figure 4-9). 
In order to better understand the relatedness of the samples, cultivar-specific 
transcriptomes were produced for all genes in the pangenome and a phylogenetic tree 
was constructed (Figure 4-11). The maximum likelihood tree showed that W7984 was the 
most divergent of the cultivars which is consistent with the results from PC1 of the PCA 
which showed that W7984 behaved differently (Figure 4-8). Also, sample Volcani and 
Alsen were placed as outgroups in the phylogenetic tree which is consistent with the 
results found in the PCA analysis. The phylogenetic tree was also concordant with a 
dendrogram constructed from a dissimilarity matrix using all the SNPs identified in this 
chapter (Figure 4-10) which showed that W7984 had the highest number of unique alleles 
followed by Volcani which was the second most divergent genotype in the dendrogram. 
Overall, the three analysis performed (PCA, dissimilarity matrix and phylogenetic analysis) 
coincided in placing W7984, Alsen and Volcani as the most diverged samples in the 
dataset with W7984 being the most divergent of the three in every case. Cultivar Xi-1 was 
also found to be divergent in the PCA (PC2). However, no other analysis supports its 
placement as a divergent genotype. It is possible that the analysis performed in this 
chapter were unable to assess the characteristics that make Xi-1 stand out in the PCA and 
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that, despite its lack of support it can still be considered as divergent from mainstream elite 
cultivars. 
Cultivar W7984 is a synthetic allohexaploid that has been widely used in the 
construction of genetic maps due to its high genetic distance from most common elite 
breeding material (Anderson et al., 1993). It also lacks the 1RS.1BL rye-wheat 
translocation, which is common in wheat elite cultivars but prevents recombination 
between the rye-derived segment (1RS) and the homologous chromosome arms of wheat 
(1AS, 1BS and 1DS) causing a depletion of segregating markers in that locus (Sorrells et 
al., 2011). Synthetic wheat cultivars are obtained by the hybridization of tetraploid “durum” 
wheat and different accessions of Ae. tauschii followed by induction of genome duplication 
of the amphiploids and are usually used to increase the diversity of the D genome in wheat 
breeding programs (Warburton et al., 2006). It has been shown that synthetic wheat 
cultivars are genetically distant from most elite wheat cultivars  and contain a higher 
nucleotide diversity (Akhunov et al., 2010) which is why these are being increasingly used 
in breeding programs for introgression of genes from wild germplasm into elite cultivars 
(Mujeeb-Kazi et al., 2008, Warburton et al., 2006, del Blanco et al., 2001). 
In contrast to the PCA, dissimilarity matrix and phylogenetic analysis of the 19 
cultivars, a phylogenetic reconstruction based on gene presence-absence variation in the 
pangenome showed that Chinese Spring was the most distant cultivar in this set. This 
result is primarily the consequence of the large number of pangenome genes absent in the 
Chinese Spring germplasm. These results can be understood as a consequence of the 
origin of Chinese Spring which, despite being widely used as background in the 
construction of wheat cytogenetic stocks, has not been readily used in breeding programs 
due to its sensitivity to many pathogens and lack of resistance to many abiotic stresses 
(Sears and Miller, 1985). Also, Chinese Spring belongs to the group of wheat landraces 
which have been shown to be genetically different from and more diverse than modern 
cultivars (Cavanagh et al., 2013). 
However, the phylogenetic tree constructed based on genes treated as binary state 
characteristics (presence/absence), do not reflect the true genetic variation within each 
gene and thus cannot be considered a representative reconstruction of the relations 
between the cultivars. Most of these genes occur in a multistate fashion in the wheat 
germplasm that is not represented in the PAV table with multiple haplotypes present in the 
accessions studied as shown in the cultivar-specific transcriptomes reconstructed for 
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them. Thus, a combination of the results from both approaches would better describe the 
relationship of the samples included in this study, where both W7984 and Chinese Spring 
appear to be the most divergent and the remaining Australian cultivars are closer to each 
other. Including a wild sample as an outgroup on both analysis would help understand the 
direction of the evolution in this dataset. 
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5 Chapter 5: Summary and outlook 
This thesis describes the construction, annotation and analysis of the wheat 
pangenome based on a novel Chinese Spring reference assembly and the sequence data 
for 18 diverse wheat cultivars. The utility of the pangenome sequence was demonstrated 
by the identification of core and variables genes, their characterization with more than 36.4 
million intervarietal SNPs spread across the pangenome reference, the construction of a 
high density genetic map and the assessment of the genetic relatedness of the 19 
varieties included in this study. In many ways, the methods used in this thesis were 
conditioned by the amount and quality of the data publicly available and could be improved 
with emerging sequencing technologies and novel analysis algorithms. 
5.1 Limitations of the current wheat pangenome 
The genome assembly produced in Chapter 2 that served as the starting point for the 
construction of the pangenome contains a large fraction of the unique sequences present 
in the wheat genome and a large portion of the universal single copy orthologs and core 
eukaryotic genes. Nevertheless, due to its high level of fragmentation, accurate prediction 
of genes is challenging. This was confirmed by the detection of split gene models based 
on non-overlapping sequence identity to known proteins in the T. urartu genome (Chapter 
2). Such fragmentation may also affect the mapping efficiency of reads, although such 
effect was not evident when mapping reads from the 19 wheat cultivars to the pangenome 
(Figure 3-3). 
Another limitation of the current pangenome is the lack of information on the accurate 
placement of sequences into the pseudomolecules. Overall, 50% of the additional 
sequences were placed, but the remaining sequences are yet to be placed in their right 
position. Also, the current position of the scaffolds is only an approximation given that both 
methods used for placement (mate-pair information and genetic mapping) cannot point to 
the exact position where the new sequences should be inserted. Similarly, many genes 
are yet to be placed into the pseudomolecules, due to the lack of information linking their 
contig of origin to other markers already placed in the pseudomolecules. 
Finally, the catalogue of genes found in the pangenome may be missing some rare 
or cultivar-specific genes that failed to be assembled due to the low sequencing depth of 
the samples. A recent study of variable gene content in the wheat transcriptome showed 
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that 32.1% of the genes absent in the Chinese Spring were present in the current 
pangenome (Liu et al., 2016). From the remaining 68% of the transcripts, half were 
homologous to known grass genes that had not been captured by the pangenome and the 
rest did not show homology to any known gene. 
5.2 Impact of new genome assemblies 
This study was started shortly after the publication and release of the first draft 
assembly of the wheat genome (IWGSC, 2014). The quality of the IWGSC reference 
genome prompted us to reassemble the wheat genome using an approach that had been 
previously successful in the assembly of group 7 chromosomes (Berkman et al., 2013a). In 
late 2015, the IWGSC announced the completion of a new draft assembly using whole 
genome shotgun reads by the TGAC team and this became available in mid 2016 (Clavijo 
et al., 2017). This assembly included a new genome annotation based on PACBIO long 
reads to produce full-length cDNA sequences that could be mapped to the reference 
genome. However, the raw data generated for that assembly has not yet been released. At 
the same time, another genome assembly was announced by the IWGSC based on the 
De novoMagic assembler from NRgene (NRgene, 2017). Unfortunately, this assembly was 
not publicly available at the time of this study and the details of the assembly protocol are 
still unknown. 
Both of the new assemblies show improved metrics, with N50 exceeding the 100Kb 
mark and they also exhibit high collinearity which was confirmed by alignment to the 
previously assembled chromosome 3B (Paux et al., 2008). These improved metrics along 
with better sequencing technology for transcriptome data, have greatly improved the 
quality and accuracy of gene models. Their use could help improve the accuracy of gene 
PAV calls, increase the number of scaffolds anchored to the pseudomolecules and reduce 
the amount unmapped reads that need to be assembled to expand the pangenome 
sequence. 
5.3 Impact of third generation sequencing technologies 
The use of third generation sequencing (TGS) technologies could also have a great 
impact on the accuracy and contiguity of new genome assemblies and could help improve 
existing assemblies. The development of more accurate TGS platforms such as the 
PacBio SMRT system (McCarthy, 2010) and Oxford nanopore technologies (Eisenstein, 
2012, Mikheyev and Tin, 2014) and recent advances in de novo assembly algorithms that 
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take advantage of these long reads (Vaser et al., 2017, Goodwin et al., 2015, Phillippy, 
2017) have already resulted in the production of nearly complete genome sequences with 
phased haplotypes (Zimin et al., 2017a, Mochida et al., 2017) and improvements on 
previously released reference genomes (Zimin et al., 2017b). These new technologies 
open the possibility of directly assembling and placing highly diverged sequences directly 
onto a reference genome producing a more complete pangenome. Furthermore, these 
new TGS technologies are already being used to sequence and assemble full length 
transcripts from cDNA libraries and to explore the hidden isoform diversity that cannot be 
directly accessed through the traditional RNA-seq approaches (Cartolano et al., 2016, 
Abdel-Ghany et al., 2016). These developments will increase the accuracy and detail of 
current genome annotations which will have a major impact in the identification of gene 
presence-absence variations and understanding the effects of SNPs on isoform 
dominance in the genome. 
Longer reads have been recently used in the identification of DNA modifications, 
particularly methylation (Simpson et al., 2017, Rand et al., 2017). Current strategies for 
detecting DNA methylation rely on the bisulphite treatment of DNA molecules to convert 
unmethylated cytosine into uracil and then into thymine through PCR (Frommer et al., 
1992, Shapiro et al., 1970, Hayatsu et al., 1970). The coupling of bisulphate treatment and 
NGS led to the development of genome-wide methylation surveillance methods like whole 
genome bisulphite sequencing (WGBS) (Cokus et al., 2008) and reduced representation 
bisulphite sequencing (RRBS) (Meissner et al., 2005). However, these techniques are 
unable to detect any modification other than 5-methylcytosine like 5-formilcytosine, 5-
hydroxymethylcytosine, 4-methylcytosine or 6-methyladenosine which have been shown to 
contribute to gene expression control in bacteria and eukaryotes (Meyer and Jaffrey, 2016, 
Koziol et al., 2015, Greer et al., 2015, Fu et al., 2015, Tahiliani et al., 2009, Ratel et al., 
2006). In addition to that limitation, the generation of short reads after bisulphite 
conversion causes a higher level of ambiguity in the mapping stage which decreases the 
mapping efficiency and is unable to provide accurate information for some regions in the 
genome. Both difficulties can be overcome by the use of TGS technologies, which can 
reduce the mapping ambiguity because the reads are not being converted and are able to 
detect different types of modifications to individual DNA bases. These improvements will 
allow us to assess the effect of DNA modifications on the distribution and expression of 
variable genes in the pangenome. 
Chapter 5: Summary and outlook 
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5.4 Impact of improved digital representation 
Currently, pangenomes are represented as a linear collection of core and variable 
genes, distributed along the hypothetical representation of a chromosome 
(pseudomolecule). However, such linear representation cannot accurately display the 
complex structural variations that occur between individuals of the same species (Marcus 
et al., 2014). Furthermore, the linear representation may negatively affect the mapping 
efficiency and thus hide genetic diversity present in the unmapped reads. Marcus et al 
(2014), proposed the use of deBruijn graphs for the representation of the closed 
pangenome of Bacillus anthracis (Marcus et al., 2014) with the tool splitMEM. This 
representation has been improved (Baier et al., 2016) and is growing more accepted in the 
scientific community (Sheikhizadeh et al., 2016). Furthermore, the deBruijn graph data 
structure for the storage and representation of the pangenome has been extended to allow 
variant analysis and pattern searching (Beller and Ohlebusch, 2016) which are the first 
steps towards accurate pangenome read mapping. Also, the rice pangenome project have 
released an online browser to mine genomic information for over 3000 rice varieties and 
include information such as presence-absence polymorphism, SNPs, geographical 
distribution, haplotype, functional annotation and more 
(http://cgm.sjtu.edu.cn/3kricedb/index.php). 
In the near future, due to technical and methodological advances, genomic research 
will move away from the single genome reference paradigm into the pangenome 
paradigm. Such a move is currently ongoing with multiple pangenome projects being 
designed and developed for different species including many crop plants. We hope that 
the present study will contribute to the wider landscape of pangenomic studies and help 
clear the way for more ambitious studies on genomics of crop plants. 
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7.1 Raw data 
Flow sorted chromosome arms raw data was downloaded from the Sequence Read Archive (SRA) at NCBI: 
Experiment 
Accession 
Experiment Title 
Study 
Accession 
Sample 
Accession 
Total Size, Mb Total Bases 
ERX391147 3AS EXP 001 ERP003210 ERS400219 8396 12,997,603,200 
ERX391146 3AL EXP 001 ERP003210 ERS400218 9256 14,170,344,800 
ERX311327 3DS EXP 002 ERP003210 ERS250078 15821 27,238,800,900 
ERX250537 6AS EXP 002 ERP003210 ERS250092 16316 25,361,835,200 
ERX311326 3DL EXP 002 ERP003210 ERS250077 9527 14,469,137,520 
ERX311325 2AS EXP 002 ERP003210 ERS345887 50375 81,250,688,600 
ERX311324 2AS EXP 001 ERP003210 ERS345887 5727 8,923,582,720 
ERX311323 2AL EXP 002 ERP003210 ERS345886 13894 24,486,972,720 
ERX311322 2AL EXP 001 ERP003210 ERS345886 16972 24,567,068,800 
ERX250539 6DS EXP 001 ERP003210 ERS250094 14613 21,914,534,448 
ERX250538 6DL EXP 001 ERP003210 ERS250093 19321 29,436,580,224 
ERX250536 6AS EXP 001 ERP003210 ERS250092 6476 10,327,628,160 
ERX250535 6AL EXP 002 ERP003210 ERS250091 19108 31,656,656,000 
ERX250534 6AL EXP 001 ERP003210 ERS250091 1400 2,344,984,640 
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ERX250533 5DS EXP 001 ERP003210 ERS250090 36290 55,346,149,080 
ERX250532 5DL EXP 002 ERP003210 ERS250089 60029 92,436,506,000 
ERX250531 5DL EXP 001 ERP003210 ERS250089 7952 12,004,334,400 
ERX250528 5AS EXP 002 ERP003210 ERS250086 4035 6,438,617,200 
ERX250529 5BL EXP 001 ERP003210 ERS250087 39024 60,583,601,728 
ERX250530 5BS EXP 001 ERP003210 ERS250088 25510 42,200,649,200 
ERX250527 5AS EXP 001 ERP003210 ERS250086 8734 13,248,494,400 
ERX250526 5AL EXP 002 ERP003210 ERS250085 2567 3,642,008,000 
ERX250525 5AL EXP 001 ERP003210 ERS250085 15432 22,080,901,500 
ERX250524 4DS EXP 001 ERP003210 ERS250084 28459 40,038,268,600 
ERX250523 4DL EXP 001 ERP003210 ERS250083 45035 64,213,999,600 
ERX250522 4BS EXP 001 ERP003210 ERS250082 38616 60,746,860,864 
ERX250521 4BL EXP 001 ERP003210 ERS250081 15630 23,828,691,000 
ERX250520 4AS EXP 002 ERP003210 ERS250080 37641 56,995,583,600 
ERX250519 4AS EXP 001 ERP003210 ERS250080 11332 19,474,296,600 
ERX250518 4AL EXP 002 ERP003210 ERS250079 19919 31,865,134,200 
ERX250517 4AL EXP 001 ERP003210 ERS250079 17861 30,504,178,200 
ERX250516 3DS EXP 001 ERP003210 ERS250078 45720 63,719,600,534 
ERX250515 3DL EXP 001 ERP003210 ERS250077 50473 74,533,213,610 
ERX250514 2DS EXP 002 ERP003210 ERS250076 5510 853,268,9920 
ERX250513 2DS EXP 001 ERP003210 ERS250076 23266 37,980,363,200 
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ERX250512 2DL EXP 002 ERP003210 ERS250075 13843 22,566,127,800 
ERX250511 2DL EXP 001 ERP003210 ERS250075 4293 6,841,044,160 
ERX250510 2BS EXP 001 ERP003210 ERS250074 30834 49,766,848,804 
ERX250509 2BL EXP 001 ERP003210 ERS250073 52021 71,807,340,800 
ERX250508 1DS EXP 002 ERP003210 ERS250072 5662 9,868,160,880 
ERX250507 1DS EXP 001 ERP003210 ERS250072 17329 25,429,420,000 
ERX250506 1DL EXP 001 ERP003210 ERS250071 19745 27,903,660,600 
ERX250505 1BS EXP 002 ERP003210 ERS250070 4433 7,049,893,760 
ERX250504 1BS EXP 001 ERP003210 ERS250070 22596 37,998,068,200 
ERX250503 1BL EXP 002 ERP003210 ERS250069 42172 68,238,011,600 
ERX250502 1BL EXP 001 ERP003210 ERS250069 4909 7,713,226,240 
ERX250500 1AL EXP 002 ERP003210 ERS250067 52302 86,144,072,800 
ERX250501 1AS EXP 001 ERP003210 ERS250068 23407 39,289,281,200 
ERX250499 1AL EXP 001 ERP003210 ERS250067 5075 7,942,652,160 
SRX232100 7AS - 100bp SRP018533 SRS392985 5977 11,380,741,000 
SRX232096 7AL - 100bp SRP018533 SRS392983 10162 18,738,325,600 
SRX232065 7BL - 100bp SRP018533 SRS392969 7841 15,104,269,600 
SRX232061 7DL - 100bp SRP018533 SRS392964 15205 26,526,560,800 
SRX036849 7BS - 100bp SRP005092 SRS150933 8593 16,134,219,800 
SRX040744 7DS - 100bp SRP004476 SRS121460 11674 20,483,498,200 
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Australian modern wheat cultivars: 
URL: https://downloads.bioplatforms.com/wheat_cultivars/samples 
Download date:  January 2016 
RNA-seq data: 
FTP:  https://urgi.versailles.inra.fr/files/RNASeqWheat/ 
Download date:  December 2014 
 
454 whole genome shotgun data: 
 URL: https://www.ebi.ac.uk/ebisearch/search.ebi?db=allebi&query=ERP000319&submit1=1&requestFrom=ebi_index 
 Download date: January 2016 
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Contamination of libraries from cultivar BX-1. Three libraries produced from 
cultivar BX-1 that had mapping efficiencies below 35% were further analysed. One 
thousand reads were randomly selected from each of the libraries and aligned to the 
nucleotide database in NCBI. All blast results were merged in a single table and 
sorted by the genus of the aligned record. Table 8-1. Top ten most frequent blast 
hits from the 3 BX-1librariesTable 8-1 shows the top ten most frequent genera and 
the count of reads that were aligned to them. 
 
Table 8-1. Top ten most frequent blast hits from the 3 BX-1libraries with mapping 
efficiency below 35%. The count corresponds to the number of reads whose best 
blast hit was the corresponding genus. 
Genus Count 
Mezorhizobium 227 
Penicillium 215 
Acinetobacter 169 
Triticum 134 
Actinomyces 108 
Chlorella 93 
Serratia 91 
Bacillus 82 
Setaria 64 
Trifolium 61 
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Manuscript which presents the T. aestiivum pangenome that was published in the 
Plant Journal 
Title 
The pangenome of hexaploid bread wheat 
 
Authors 
Juan D. Montenegro1*, Agnieszka A. Golicz1,2*, Philipp E. Bayer2*, Bhavna 
Hurgobin1,2, HueyTyng Lee1,2, Chon-Kit Kenneth Chan2, Paul Visendi1, Kaitao Lai3 
Jaroslav Doležel4, Jacqueline Batley1,2,5, David Edwards1,2,5‡. 
 
1, School of Agriculture and Food Sciences, University of Queensland, 
Brisbane, Australia  
2, School of Plant Biology, University of Western Australia, WA, 6009, Australia 
3, Hawkesbury Institute for the Environment, Western Sydney University, NSW, 
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4, Institute of Experimental Botany, Centre of the Region Haná for 
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Summary 
There is an increasing understanding that gene presence absence variation 
plays an important role in the heritability of agronomic traits, however there have 
been relatively few studies on gene presence absence variation in crop species. 
Hexaploid wheat is one of the most important food crops in the world and intensive 
breeding has reduced the genetic diversity of elite cultivars. Major efforts have 
produced draft genome assemblies for the cultivar Chinese Spring, but it is unknown 
how well this represents the genome diversity found in current modern elite cultivars. 
In this study we build an improved reference for Chinese Spring and explore gene 
diversity across 18 wheat cultivars. We predict a pangenome size of 140,500 +/- 102 
genes, a core genome of 81,070 +/- 1,631 genes, and an average of 128,656 genes 
in each cultivar. Functional annotation of the variable gene set suggests that it is 
enriched for genes that may be associated with important agronomic traits. In 
addition to gene presence variation, more than 36 million intervarietal SNPs were 
identified across the pangenome. This study of the wheat pangenome provides 
insight into elite wheat genome diversity as a basis for genomics based improvement 
of this important crop. A wheat pangenome Gbrowse is available at 
http://appliedbioinformatics.com.au/cgi-bin/gb2/gbrowse/WheatPan/, and data is 
available for download from 
http://wheatgenome.info/wheat_genome_databases.php. 
 
Significance statement 
We have assembled a wheat pangenome, identified and functionally annotated 
the core and variable genes and constructed the most comprehensive SNP 
database available for wheat. These resources can be applied for the wheat 
genomics and breeding communities as understanding the presence and diversity of 
genes is essential for their association with agronomic traits.  
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Introduction 
Wheat is one of the most important food crops in the world, and its continued 
improvement is essential to maintain food security in the face of a growing human 
population and disturbance of agricultural production due to climate change 
(Abberton et al., 2015, Batley and Edwards, 2016). Wheat was domesticated 8,000 – 
10,000 years ago (Dubcovsky and Dvorak, 2007), and today bread wheat (Triticum 
aestivum) provides roughly a fifth of the world’s food. Genome analysis in bread 
wheat is a challenge because of its large (17 Gbp) genome, consisting of between 
80% and 90% repetitive sequence (Wanjugi et al., 2009, Šafář et al., 2010a). Bread 
wheat is also hexaploid, being derived from a combination of three diploid donor 
species which are proposed to have diverged from an ancestral diploid species 
between 2.5 and 6 MYA (Huang et al., 2002a, Chantret et al., 2005). There have 
been several efforts to sequence the genome of hexaploid bread wheat. The de novo 
assembly of sequence data from flow-sorted chromosome arms was initially 
performed for 7DS, demonstrating that it was possible to assemble all known 7DS 
genes (Berkman et al., 2011a). The same approach delimited a translocation 
between chromosome arms 7BS and 4AL (Berkman et al., 2012b), with a 
subsequent comparison of all group 7 chromosomes, highlighting genomic changes 
during the early evolution and domestication of this important crop (Berkman et al., 
2013b). The application of a similar approach towards all chromosome arms with the 
exception of 3B, (IWGSC, 2014) together with a whole genome assembly of Roche 
454 sequence data (Brenchley et al., 2012) provided the first draft genome 
assemblies for wheat cultivar Chinese Spring. Two additional cultivars, OpataM85 
and W7984 have undergone whole genome shotgun sequencing using Illumina data, 
and although gene presence comparisons were performed using cDNA mapping, 
these assemblies were not annotated (Chapman et al., 2015), limiting their use for 
pangenome analysis. With the exception of Chapman et al. (2015), each of these 
studies have focussed on the cultivar Chinese Spring. 
Crop breeding increasingly benefits from the application of molecular tools such 
as marker assisted selection (MAS) and more recently, genomic selection (GS), and 
the increasing availability of genomic information supports these advanced breeding 
tools (Poland et al., 2012b, Simeão Resende et al., 2014, Sallam et al., 2015, Cros 
et al., 2015, Crossa et al., 2014). Modern molecular breeding tools apply single 
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nucleotide polymorphism (SNP) molecular genetic markers, and numerous studies 
have discovered and validated large numbers of SNP markers across the wheat 
genome (Winfield et al., 2015, Wang et al., 2014, Lai et al., 2015a, Lai et al., 2012c). 
SNPs have been used to find genes undergoing selective sweeps and population 
bottlenecks (Cavanagh et al., 2013), and have also been used to map low diversity 
regions which could have been targets of selection (Lai et al., 2015a).  
The decreasing cost of DNA sequencing has accelerated genomics research in 
recent years (Visendi et al., 2013, Edwards et al., 2013b). Most sequencing projects 
focus on reference genome assembly and the discovery of SNPs, however, the 
importance of structural variants is becoming increasingly acknowledged (Saxena et 
al., 2014, Wendel et al., 2016, Jordan et al., 2015). Studies in several plant species 
reveal the existence of extensive structural variation (Gordon et al., 2014, Xu et al., 
2012, Springer et al., 2009b, Zhang et al., 2014, Hardigan et al., 2016, Li et al., 
2014d). One form of structural variation, the presence or absence of genes or 
genomic regions between individuals of the same species, is being increasingly 
acknowledged as an important form of variation in plants, and the sum of core and 
variable regions of the genome for a species is known as the pangenome.  
Several approaches to pangenome assembly and analysis have been 
developed (Golicz et al., 2015a). The traditional approach, first applied in bacteria 
involves whole genome assembly of all genotypes, followed by individual annotation 
and comparison of the gene content (Tettelin et al., 2005, Schatz et al., 2014, Li et 
al., 2014d). An alternative is a read mapping and assembly approach, where 
sequence reads are first mapped to an existing reference, and the unmapped reads 
are then assembled (Golicz et al., 2015a, Yao et al., 2015, Golicz et al., 2016b). 
The first step towards the production of a pangenome for a crop species is the 
production of a suitable reference assembly, followed by the expansion of this 
reference with additional sequences from other varieties which are not present in the 
reference. In this study we have reassembled a draft Chinese Spring wheat genome 
reference and used this as the basis for a pangenome study, identifying core and 
variable genes across 18 cultivars (Edwards et al., 2012). We have also identified 
36.4 million SNPs between these 18 cultivars. The Chinese Spring reference is 
different in gene content than the 18 cultivars, suggesting that this pangenome and 
the associated SNPs may provide a better reference for wheat crop improvement 
than the current Chinese Spring references.  
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Results and Discussion 
Wheat (cv. Chinese Spring) genome assembly 
An assessment of the sequence duplication in the IWGSC draft Chinese Spring 
assembly (IWGSC, 2014) showed that 663 Mb (7%) of the assembly consisted of 
exact duplications greater than 1 Kb, with more than 40% of chromosome arms 4AS 
and 4AL being duplicated (Figure S1). Following reassembly, producing 10.7 Gb of 
new reference, these duplications were reduced to of 0.4 Mb (0.004%). The high 
frequency of duplicated regions in the IWGSC assembly (Figure S1) may be an 
artefact of using the parallelised de bruijn graph assembler ABySS (Simpson et al., 
2009) as they were not observed in the previous assemblies of group 7 data 
(Berkman et al., 2011a, Berkman et al., 2012b, Berkman et al., 2013b) which used 
the non-parallel de bruijn graph assembler Velvet (Zerbino and Birney, 2008).  
A reassembly of the IWGSC data in this study using Velvet produced a 
reference with larger assembly size and greatly reduced frequency of duplicated regions 
(Figure S1) compared to the published draft genome (IWGSC, 2014). CEGMA 
analysis (Parra et al., 2009) was performed to assess the completeness of the 
assembly and identified 245 (98.8%) of the 248 core eukaryotic genes compared to 
243 genes identified in the IWGSC assembly.  
Pangenome assembly 
Whole genome sequence reads from 18 wheat cultivars were mapped to the 
new Chinese Spring assembly, and unmapped reads assembled. The average 
sequencing depth ranged from 8.4x to 19.9x, except for Chinese Spring which had a 
coverage that ranged from 60X to 200X for each of the chromosome arms. (Table 
S5). After removal of contaminant sequences, the newly assembled sequence 
contained 221,991 scaffolds with a total length of 350 Mb (Table S1) and a total of 
21,653 predicted genes. Mapping of Chinese Spring sequence reads to this 
pangenome demonstrated that this sequence was not present in the Chinese Spring 
reference and represents a 3.3% increase in the size of the wheat reference 
genome. A similar approach was used by Yao et al. (2015) with 1,483 rice 
accessions from the japonica and indica groups, where they assembled 15.8 Mb and 
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24.6 Mb of additional sequence for each subspecies respectively, representing an 
increase of 4% and 6% in genome size. Similarly, local reassembly in Brachypodium 
distachyon identified 19.2 Mb of additional sequence in 7 highly diverse inbred lines, 
a 5% increase in the size of the reference genome. Golizc et al (2016) characterised 
the pangenome of Brassica oleracea using 9 diverse morphotypes and assembled 
an additional 99 Mbp of sequence. The relatively small increase in pangenome 
assembly size we observe reflects the high degree of relatedness of the cultivars 
sequenced (Lai et al., 2015a). The additional sequence identified in this study is 
likely to be an underestimate of the total sequence content present in the cultivars as 
sequences present in only one or two of the cultivars are unlikely to have sufficient 
coverage to assemble, as IDBA-UD has 81% assembly efficiency for samples with a 
sequencing depth of 10X (Peng et al., 2012b). 
Gene presence/absence discovery 
The presence or absence of each gene was predicted for each cultivar based 
on the mapping of reads from each cultivar to the new pangenome assembly (Table 
S2). The approach followed the method of Golicz et al. (2016b) which demonstrates 
a 0.05% error rate using 10x read coverage. Based on Chinese Spring read mapping 
to the pangenome, none of the additional genes identified in the 18 cultivars were 
identified as present in Chinese Spring. On average, each cultivar contains 128,656 
genes, with 89,795 (64.3%) shared by all 19 cultivars, while 49,952 genes represent 
the variable genome across these cultivars. Based on gene presence and absence 
in each of the 18 cultivars we estimate that the pangenome of modern wheat 
cultivars contains 140,500 +/- 102 genes (Figure 1). This is likely to be an 
underestimate of the broader wheat pangenome as it is predicted from a relatively 
narrow set of cultivars, and extending the study to more diverse landraces and wild 
relatives will provide a more comprehensive measure of the gene content of this 
important crop species. 
Characterisation of Chinese Spring gene content identified 245 genes in 
Chinese Spring which are absent from the 18 cultivars, while a further 12,150 genes 
were identified in all 18 cultivars but are not found in Chinese Spring (Table S2). A 
dendrogram reconstructed using gene presence/absence variation places Chinese 
Spring in a separate cluster at the base of the tree (Figure 2). This is similar to a 
previous study using SSR markers where Chinese Spring was placed in the basal 
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node away from most modern wheat cultivars (Plaschke et al., 1995). Our results 
can also be explained by the history of Chinese Spring, which despite being a major 
source of cytogenetic stocks, used in the discovery of the seven homoeologous 
chromosome groups and in early gene mapping efforts (Sears, 1966, Sharp et al., 
1988), and more recently in genome sequencing (IWGSC, 2014), it is not widely 
used in breeding programs due to its susceptibility to biotic and abiotic stress (Sears 
and Miller, 1985).  
Variable genes were annotated, and functional enrichment analysis suggests 
that the variable genome is enriched with genes involved in response to 
environmental stress and defence response (Figure 3; Table S3). Similarly, Yao et al. 
(2015) found that the variable genome of rice was enriched with genes related to 
biotic stress defence including NBS LRR genes and genes coding for protein kinases 
and abiotic stress tolerance (Yao et al., 2015). Analysis of the Brassica oleracea 
pangenome by (2016b) also found that variable genes were enriched for annotated 
related to major agronomic traits, including disease resistance. 
 
SNP discovery 
Capturing and characterising diversity is essential in the design and execution 
of breeding programs. We have previously identified more than 4 million SNPs on 
the group 7 Chinese Spring chromosomes with a validation rate of 95% (Lai et al., 
2015a). Using the same method, whole genome shotgun reads from the 18 wheat 
cultivars were mapped to the pangenome assembly and SNPs were identified using 
SGSautoSNP (Lorenc et al., 2012), leading to the identification of 36.4 million SNPs. 
Of these, 2.87 million were identified in scaffolds not present in the Chinese Spring 
assembly. The SGSautoSNP calls were compared with SNPs from a published 
Infinium array (Wang et al., 2014). A total of 13,541 Infinium SNPs were identified as 
being at the same location as the SGSautoSNP calls. Out of these 96.3% were 
identified as polymorphic. This is similar to the validation rate observed by Lai et al. 
(2015a) using the same approach. The majority of SNPs were found in intergenic 
regions, with only 392,142 (1%) SNPs located in coding regions. Of these 225,064 
(57.4%) are predicted to be non-synonymous resulting in a potentially different 
functional protein. These results are comparable to those obtained by Jordan et al 
(2015) who found that 52.3% of the SNPs were non-synonimous (Jordan et al., 
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2015). The dataset represents the most comprehensive SNP resource available for 
the improvement of elite bread wheat cultivars. 
Conclusion 
In this study, we constructed and analysed a draft wheat pangenome using a 
single reference and whole genome sequencing data from 18 cultivars. The 
pangenome contains 128,656 predicted genes of which 64.3% are identified as core, 
that is present in all cultivars, while the remainder are variable and display 
presence/absence variation. Additionally, 12,150 genes are absent in the Chinese 
Spring reference sequence but present in all the other cultivars analysed. The 
pangenome sequence is a valuable resource for the wheat genomics and breeding 
communities as understanding the diversity of genes is essential for their association 
with agronomic traits. The pangenome can be easily expanded to include additional 
genes from other diverse wheat cultivars and, along with the SNP dataset derived 
from it, provide markers that can be used to integrate this resource into current 
GWAS pipelines. 
Experimental procedures 
Genome assembly and annotation 
Sequence data was downloaded from various repositories as described in 
(Table S4). Clonal reads were removed using an in-house script (remove_clones.pl). 
Quality trimming and adapter clipping was performed using TRIMMOMATIC v 0.33 
(Bolger et al., 2014), and sequences shorter than 73bp were removed. VELVET v 
1.2.10 (Zerbino and Birney, 2008, Seemann, 2012) was used for assembly using a 
kmer size of 71. RNA-seq reads were aligned to the reference genome using 
TOPHAT2 v2.1.0.1 (Kim et al., 2013b). Accepted alignments were transformed into 
hints files with the script bam2hints from the AUGUSTUS package. 
REPEATMASKER (Smit et al., 2015) was used to mask repeated regions using 
RepBase version 20150807 (Jurka et al., 2005) and viridiplantae as species. 
AUGUSTUS v 2.1.0 (Keller et al., 2011) predicted gene models using the hints 
produced from the RNA-seq alignments. Gene models were first filtered for size 
(>=300bp). BEDOPS v 2.4.15 (Neph et al., 2012) was used to identify and remove 
gene models that were not supported by TOPHAT2 annotation or overlapped repeat-
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masked regions. Finally, the protein sequence of the selected models were aligned 
to TE-related proteins with BLASTP and those with significant alignments (E ≤ 1e-5) 
were removed from the annotation. The protein sequences of the final gene set were 
aligned to the proteome of Triticum uratrtu to identify and merge split genes.  
CEGMA (Parra et al., 2009) was used to assess the completeness of the 
reference genome prior to annotation with default parameters. 
Pangenome assembly and annotation 
Reads from the 16 wheat cultivars were mapped to the new Chinese Spring 
assembly using Bowtie2 v2.2.5, and unmapped reads pooled. The sequencing depth 
per cultivar is shown in Table S5. TRIMMOMATIC v 0.33 removed adapter and low 
quality sequence and the reads were assembled using IDBA_UD (Peng et al., 
2012b) using standard parameters. The resulting scaffolds were compared with the 
NCBI non-redundant nucleotide database using BLASTN (E ≤ 1e-5) and the 
scaffolds with hits outside the seed plants taxonomy group were removed. 
REPEATMASKER v 4.0.6 masked repetitive elements using ‘viridiplantae’ as the 
species. Then, TBLASTX (Camacho et al., 2009) was used to align the green plant 
ESTs from genbank, and genes were predicted using AUGUSTUS v2.1.0., 
supported by the EST alignments. The reads from W7984, OataM85 and 90 doubled 
haploid offspring were mapped to the full pangenome assembly and unmapped 
reads were processed and assembled as described above. Libraries with mapping 
efficiency below 80% were not included for further analysis. 
Gene presence/absence and pangenome prediction 
BOWTIE2 v 2.2.5 was used to align the reads with standard parameters and an 
insert size between 0 and 1000 bp. Gene presence/absence was called as described 
by Golicz et al (Golicz et al., 2015b). SAMTOOLS was used to calculate the 
coverage of the annotated genes, and an in house script (pileup2cov.pl) predicted 
the presence/absence status of each gene based on the following requirements: 
coverage >2X and exon fraction covered >0.05. PVCLUST (Suzuki and Shimodaira, 
2006) was used with the presence/absence binary matrix to estimate the relationship 
between the cultivars. One thousand resamplings were used for bootstrap 
calculations. 
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The program PANGP (Zhao et al., 2014) was used to count the core and total 
genes present in all possible combinations of the 19 cultivars. The average results 
gene count from each iteration was plotted and used to model the wheat pangenome 
expansion using a power law model (f(x) = AxB+C) (Tettelin et al., 2005) by means of 
the R nls function. Assuming a closed pangenome, the C parameter was used as an 
estimator of the total gene content in the pangenome. The same approach was used 
to estimate the core genome, using the average gene count to fit the model f(x) = 
AeBx+C. 
SNP discovery 
Reads were mapped to the pangenome using BOWTIE2 v2.2.5 (--no-mixed --
no-unal -I 0 -X 1000) (Langmead and Salzberg, 2012). Reads with MAPQ < 20 and 
with low base qualities were removed from the alignments along with their mates. 
SAM files were further processed and duplicated reads removed with samtools v 
1.3.1 (Li et al., 2009b). SGSautoSNP (Lorenc et al., 2012) was used to identify 
SNPs. SNPs were validated as described in Lai et al (2015). SNPEFF v4.2 
(Cingolani et al., 2012) was used to predict the effect of the SNPs on the gene 
annotations. 
SNP validation 
The sequence tags from the 90K SNP Infinium array (Wang et al., 2014) were 
aligned to the reference wheat pangenome using NCBI Blast plus (Camacho et al., 
2009).  High quality alignments (E-threshold < 1e-10 and >= 99% sequence identity) 
where used to count the number of common polymorphic SNPs as described in Lai 
et al (2015). 
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Figures and Tables 
Figure1. Modelling of the pangenome size. 
Figure 2. Phylogenetic tree based on gene presence/absence in 18 wheat cultivars. 
Figure 3. Functional enrichment analysis of the variable genome. 
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Figure S1. Comparison of duplicated sequence in the reference genome and the 
IWGSC assembly 
Table S1. Assembly statistics of the pooled unmapped reads of 18 wheat cultivars 
Table S2. Gene presence-absence variation in the wheat pangenome across the 18 
wheat cultivars. (As this file is very large it can be downloaded from 
www.wheatgenome.info/pangenome) 
Table S3. Gene enrichment of the variable genome (p<0.01) 
Table S4. Source of data uses in analysis 
Table S5. Mapping coverage of the wheat cultivars. 
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